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Foreword

This book is one of three prepared by the staff of the Science and

Technology Diviion of the Library of Congress, at the request and with
the financial support of the Directorate of Materials and Processes
(Materials Central), Wright-Patterson Air Force Base, Ohio. These
three books have been compiled and published as part of the activities
of the Materials Central in connection with the celebration of its
forty-fifth year as the center of materials research and development
for the United States Air Force. Three activities of Materials Central
are highlighted in these publications. One is a compilation of award-
winning technical papers prepared by Materials Central personnel,
the second is a collection of abstracts of scientific and technical papers
and reports prepared by Materials Central and its scientific and,
industrial contractors during the past decade and a half, and the
third is a chronology of significant. materials events beginning forty-
five years ago and ending in the present. It is believed these three
books will provide a valuable permanent set of references to anyone
interested in the materials sciences.
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Introduction

The Charles J. Cleary Award of the Materials Under his direction, a cotton cloth, which with
Central was established in 1951. modilication is being used today, was developed to

The purpose of this award is to stimulate inter- replace imported linen and the finish was changed
nal technical activity within the Materials Central from an expensive and temperamental cellulose
by recognizing the outstanding reports and papers acetate to the cellulose. nitrate doping system.
published by the personnel of the Central, and in The Air Force still uses cellulose nitrate dope for
so doing, provide a means to honor the memory fabric covered airfoil surfaces.
of Charles J. Cleary, who made so many significant Ist Lt. ('leary reverted to reserve status in the.
contributions to the. materials sciences. late 1920's, but remained active in the Reserve

From the candidate papers nominated by the Corps and maintained his pilot proficiency for
respective laboratory chiefs, a final selection is another ten years. He held the rank of major at
muade by a committee representing. all of the the time he became inactive in the Reserve Corps.
laboratories of the Central. In addition to the Along with his activity in textiles, he held the
winning paper, three candidate papers receive responsibility for the development of rubber prod-
honorable mention. ucts, including aircraft tires. At the outbreak of

It is fitting that this award, established to pro- World War 1I, two critical problems were placed
mote progress in the materials sciences, should in his hands.
honor Charles J. Cleary, who contributed so One of these problems was the development of
greatly to the solution of monumental materials a textile miaterial for parachutes. Although work
problems. Born on October 12, 1891, in Boston, had continued for years on the development of a
Massachusetts, lie graduated from the Lowell substitute for Japanese silk for parachutes, it was
Textile Institute with a degree in textile engineer- not until the discovery of nylon that a promising
ing (ca. 1915). Upon leaving the Institute, he material came into light. Mr. Cleary was one of
was employed with the Textile Division of the the first to receive samples of the newly discovered
National Bureau of Standards. fiber, and, after initial tests, went all out to stimu-

When the United States became actively en- late development and production of nylon para-
gaged in World War I, Mr. Cleary resigned his chutes. Without his untiring effort, the air war
position at the Bureau of Standards and enlisted might have been waged without parachutes, or at
in what was then the Aviation Section of the Signal best, with an ersatz item. The nylon parachute is
Corps. Ile. was accepted for pilot training and, a lasting memorial to his contribution to aviation
after receiving his wings, was an instructor for history.
several months. Ile was later transferred to The second problem was the almost overnight
Langley Field where lie was assigned to camou- requirement to change aircraft tire production
flage development. He wag the pilot on the first from what approached pilot plant scale to a pro-
airplane flight.% to. demonstrate the effectiveness duction line item. After getting tire production.
of aircraft camouflage over land and water.

In 1920, he was transferred to McCook Field, lines well under way in the United States, Mr.
Dayton,. Ohio, where he became Chief or the Cleary was selected as one of a group to establish

Textiles Branch of the Materials Laboratory, production facilities for B-17 tires in England.

which had come into being about a year previ- Like silk, the supply of natural rubber was cut
ously. Here he was actively engaged in both. the off by Japan. Faced with the problem of rapidly
fabric amid finishes for fabric covered aircraft. dwindling supplies of nalural rubber, Mr. Cleary
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immediately pressed the wartiime-developed syn- Mr. ('leary's health begasi to fail during the last
thetic rubbers into use for Air Force equipment. two years of the .war. He suffered a fatal heart

lIt additioni to his tcehiieal capabilities, Mr. attack on returning from a local high school foot-
('leary had a personality that is rarely foumd. ball gamne on the evening of Septemiuber 29, 1945.
He had few equals in his ability to influence people fie was 53 years old. At the time of his death,
and miake friends. Hlis ability to meet any situa- Mr. Cleary held the dual position of Assistant
,ion with an appropriate anecdote was known Chief of the Materials Laboratory and Chief of
throughout the Air Force. the Textiles and Rubber Branch.
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Elevated Temperature Fatigue Testing of
Turbine Buckets

A. H E RZOG

Part 1. Calculationst of Natural Frequeneies and Stresws~ and Proposed
Testing Me~thods

INTROM)U TION its simiulate service enniditions ledl to the develop-
iment of the test mmeth~od toi be presented. A satis-P'reset-v delelopmmewms iik ikinreraf- ide--ig tieressi- factorv laboratorv tost will ansire suffirietit flextm-

late pricise knowltdge tmitut. tile behavior of hilitY'provided 'that the ratio of axial to tile
materials under elevated teiimperawture an1 M-1- vibratonni beiditig load ran Ix, adjusted to all
hined stresses. An messtinti component itn modern pertinent vashie anid 4 the amiplitudes are larg
aircraft is tile jet engine. The *inaterials l'xpo5e"I etnoub to obtain ' wipue failures within short tinme
to the most5 severe conditions in such &ti etigile GrYI periods The, latter conditiois 6 essential for
those used in the titsign of eonibustiotican " raetablisiming %-% itiagraive in the, lifetime range of
vanes &fill buckets. These comnponents have to the spcttes
Operate itithout failure for about 1000iours Th tin tile engine test it is difficult to txecurately
most unfavorable conditions prevail io buckets detenmmvine the nummber of cycles to failure. The
Jur, to the combination of entrifugail stresses. eniginer baa to be stopped in ordei to check tile
vibratiotis anti trnewpcrature imposed. In file bucket.; for the sart of fatigue failure* anti the
investigation of turbine buckets the 'tirri in thle cooling arml theninal effects impose unknown
mimatensal under observation I elfected by such strreses, on tile buckets.. uc~~ engine starts
variables as shape, load. teniapirature. mo'dulus of will involve. shitilar atresses in the opposite diree'
eleaticity. dasnping due to fastening. and intemaist ion. thereby clouding the tins!l results. Any
fricticon in the tnatrrial. Hoesause one or inwat of approach attem~rpted should try to elimtinate auch
threse variables affect each bucket. moany tYVe of difficuties. However, disadvantages also have to
bucket failure have been observed. Thse investi. be tWleaked for the benefit of obtaining & gimple
galtio descrbed in th" paper was unerakms to test arrangetment. Once such a fest pr'ocedure is
determaine the inluroens of stese on bucket Wra* developed it ntsy be used for testing not only

For tit~tat yvea the NACA condwitrd engine turbine buckets but Amc similary loaded "at in
itros on .helsti.ad to investigate buckets by thoengi.ne like cossiprer~ blanes. compressor
hteesuring atreesses and stransm at o"ting speerit vowane, various shapes and fastenings at anv
aod temtperatures. Very valuable infonnation 14 -uessr d~enimd and with the application iOf
awas obtained. However, the actuel operation of vb~ri.,u rotios of tension tn bending atresa.
the Pognr for such tests immposd eonssderble It is emphasized the; the teats present ed ap-

resritinsonth tpe famasenet n h proximate service conditioste in such a way that
locations (rout which most reliable data could bse te indt h anfr cigadta 1

a~testid Inaditine bthae vrtuiery c ionape Of can' be checked by other considerations. During
-" )a 'tamv Dengine thiso veffrt y crtain "a artua!1 service operation other smaller and lets
of cenirfugi to vibratonal lowli owl twralsd influential forres, may be suer-itmposed over the
while otiter 1"ad retiois apparmily ocurred its fundamtental stressl distribution which toay chiange
enginems during flight. Th~ese corswilerationst an failuire locations. However. tile itaui distribiltion
raonsquenty the desire to devise a eisimplew r mshod of fwvrrA 6s oanstainued Thto tests were ronductwoe



at the fundamental frequency of the bucket in-
eluding the add~itional inusses of !he test equip-
niert. If under these eirrimistainces th0 experi-
miental results coincide with the results obtained
froni service, pjwuiid.el the latter p~rtain to the
saine vibrational itode, i, can he assumned that the
point where 'Amc ?iiure oc-curs is located at the
critical fibre in 1% .h t#At and service. This leads
to the concept tha' dlespite it substitution of the
static load for the centrifugal load the relative
strelts distribution closely approachmes t hat obtained
in Service.

!in the specific came of operating it bucket ill anl
ei.gisie additional 9stresses such its thennat and
aerodynainuc strresses may bes supe~rimnposed ove.
the fuindanientall stress s%*stem. Thenald stresses
occur only when the engine is starting or is cooling
therefore occuarrinig dluring it relatively sl'ort por- FiI.-ML 1. T~ stead (or oerwice simulated bucket
tion of the operational time. Aerodynamic investigation.
stresses sre continuously presont; however. their'
magnitude is not very larg. The recfinemnent of center a.%. of Ohs framne structure and is faa-
the test proceedure indudling such aelditional4isfius- tetted with. a is*m 66 4he ppaper pobitiou to the
COMe May be exerrised in future. upper part olA#aa frame. The centrifugal force

Basically the approach selerteRs permmaisa can then %e ic n~alafi by a static axial load
calculatiionl ot the, main atreftea IS. e OzpereteJ applied to 4h~a. et by dnemns of wedging jaws.
in operating a bucket whirls Jias %"Is afeiged Fig. 2 shows Mue *~piulp arrangent 'enai onl the
for aerodynamic efficeseay. kbeW 4101 1trm bucket. The fawe wedge into a centerpiect
of such a calculation the "een"as .0orato1 which has uuslimgs for Imife edges aligned lateral
is cStaned for predietioneo. ~ nn strewnt to the bucket axis. The knife edge axis was
pertaining to the assunmted speed and urnii amplie directed through The tentroid of the croas sectionl
'aide of the vibration, are of the bucket at the fastening locacion. A

The comparison between, the miaximumn strew ring with supports for the knife edges as shown in%

for the bucket material and the multiple of the Fig. 2 transmits the axia force to a pull bar
itnit strews previously ralctalated indicates the which in turn is fastened to a nut with a washer,
majdamum possible amplitude which ean be both with spherical contact faces in order to allow
permitted without failing the bucket. If the for aligunment. In tightening this nut any de-
maismumn peurmissible amplitude stays below si-ed tensile force may be applied to the bucket.
amplatdes usually obtained for buckets consider-
ing the damping factor resulting fro the root
fusaioning and the internal damping of the material
at temaperatare, the part will be designed safely to
rmist fatigue failures.

TEST MElTHOD)

The factors just maentioned and particularly
tie action of external forces as they act on
bucket& during engine operation were considered
in the developmaent of the test dtvice shown
schematically in Fig. Iý The turbine whleed is
suspended in & fork by a minter bolt which
can be tightened to keep the wheerl from re- Fiua huke td! mu sitch with fmcdvts fti

tating. rise fork can tke rotated around the Iatmij vibratiou.
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However, sonme freedomt of inoveivieni is still faitigue tests tilie teiiiper-iture vo,;id he kept
pomsille for 1ii t erlly appi ed Ivibra tional forces fitlirly colst alit withlou t aidd itjona i rt finci iea its
(lie to tlite knife edge arranigei iic i. The( la t eral provi led drafts iii te letestlingroom were prev~entel.
forces are initroduiced intto Oilh systemlitat tile ring
mentioned above and the rhilr is vibrated ait 150 INS1111L M ENTA1'ION
cycles per set-oiu, tile matural frequency of thle
bucket system, i s.Te (os.s sectioni of the bucket (a) .4.ial imHid 11I~im.tremnlefi

is curvedl and ini order to prevelitt uiidesirod4 As indicated b~efore. several variables hand to lie
st resb froim being int rodluicedl b)y% tlie( grips. thle mI imnii tied on st antii tit rder to interpret t~e
wedging ;-'vq have to fit this curvatur nrcacuratlely'. reolilts cleatrly. Fig. :3 shows at generail view of tie

Thle app!i" 1tion of til axial load to (lie Imt ket t est a rralgemeneit withi test stand, aimiplifier, i ndute-
inst eadl of at centrifugal force p~rodIucesad if- di o li~ efiteir m14id tei iperilt tire recorder.
ferenwe fin tite stresses applied. However, for
investigative purposes the stress ini the criti-
cal area itiay be adljustedl to the proper value.
Since Smanller mnioents occur nearer thle buck-i
tip than ait the critical cross, sectioni iand since
the temperature is lower ini this region, the sig-
nificant. combilined axiail and bending stress is* 5
still to be expected tit the critical cross sectioli.

Parallel to the axis or the knife edges the
armature of the vibration generating magnet
is !,satened. The magnet L. located in front of
th( 4arruatu~re leav,'ng anl airgap of 01.064 inch.
For maxinmian etliciency at a giveni amplitude
thle proper size of this gap is critical. How-
,-ver, '.he 11.064-inchi gap size was satisfactory
and was kept c~ulstauit throughout the investiga- Fa mv :1, CenT Irrl :%inowiiqt -411 ltel t~ivitmiflpii'it.

tiot . The magnet c~iil is activated by a :i,Oo
watt amuiplifie- iumanufactured by Oakton Engineer- The axial load1 wits checked and adjusted by
itig C'ompany .nf Chicago. The am~plifier was strain gages onl tile oxial pull bar. For precisfe
deuirnric f o urnish tilie funtidientitl and seconid reuiltS thfe- iithdilus of elasticity of the bar material
harnonifi freque'cries, of t' e buckets with large is oteitial. It was *lrterniinetl separately by it
arnpliwudesq. This - liecessiary because short vateftil invtestigott~on. D~urinig tile tests the load
ltiae fatigus, tests which' canl be carried out only originally xpplited owas chiecked frequently.
with large stresos rson"eq~aemtly require large Th, crer) (if the 'iticket matterial at high Wt,u-
aniphitutdem. perattire levels could have been at factor. Thus

Tile bucket airfoil sections bettween tbs. root tests uere miiide to dirtermtine tite influence to be
aild life grip were aratted inductim 'eiv. The in- expet-tedl by imtposing a -olstant tensile load.
ductiOln i.Peating -Oil AS aS haped and tile dis. This investigation showedl that for thle axial loadis,
tlance froiiilthe sipecrinen %%aqs mnaiw~aaed such misterials, and t-inperatures usedl. no uignificant
that lthe samne telaperatttr- tjstibitmion over intiluetmic rould ber mteasured over extended titte
the included~ lentgth .sastobitained as thatt iieasurel periotals. Ther-ti're thle control of this variable
durin- enrine operatioii in test stands. -So was neghertr,.
far not nitan v .it-tual temiperatutre mnw' imreitst it:. Tile actutal st esse onl the bucket in the critieal
over tlse airfoil length of lthe burket have Isomeii real were nirasti1red with straits gages at roon-,
maile in operating enigines and, tit inforiationi i-t teninperatutit. For this purpos efte electrical straits
available froim actua nutfight .osditiionst. However. pgit-e were placed ar-sund lthe peritmeter of tile
% hell theser tintil i-re obtaineid act ital conditions lt -itl all crtwas ~ection. Thes gagets were used for
V~an be rep.othInedi Thin frequette* tim~~l for static alid dyianiic mneauemsientit. One comtpels-
in~uvtioml heating w..s :Ii tfor. The hiea..er had af sating gage was utilized ins countet-io i with a suits-
eapavity' ar 3.-1 k%% ndl fuill oult pit energy wa!s ble switch ond an SRA. strains indicator. For
ae~domiutiecesarly. Ini romtiinuoi~t operation for si slic i.keastimoseliets; tile switch perimiitted thle Sul)



s.,jtution of individual fictive grages oin thle bucket byloenians of it telescope which was aimed at the
in the measuring circuit. mirror so) that thle scatle in front of thle Strubotat.

(b) namc 1miurntet.4cotild be readl. The mirror holder was rigid in
(b) hnanic l~enaar'nueI.4order to lhave no natural vibration of its own iii

For dynamiic mieasm-reinets thle fitv gag wit the vicinity of lthe test frequencies and cons.-
used as one arm in it b ridge operated wit -i tn 3:- vot qumen tlý. ni difference in reading was obtained lie-
hatters as show, schrinamtl cull in Fig. 4. The- tweenl at mirror on tile bucket wini one at tile jaw

holder. Therefore it could hie assumed that thle
______readings with tbe mirror of. thke jaw holder

reflected the true deflection of the bucket at the
Slam gripping location.

For fatigue measuiremetnts the number cf cycles
3viLT VACKto failure have to lie dletern illed. This was accoin-

plished by checking the vibration frequency of the
bucket ats Closely as possible andi by me asuring

L--~ sc~mtile elapsed tunie tit failure. The amnplifier was
a~.F3Requipped with at timer which was activitted at the

;-limRE 4. Strasinita15P ircoit o tusucte:-eseuns instant ltme plate voltakge was applied which ror-

sponds so thle instant when vibrations were
potential across thle bridge was fed into anl inverter generatcf.
amplifier. tile output of which was connected to The I ue4 tet system was vibrated at thle funds-
thle Y-aixis of a 1Dumsonit dual beanil oscilloscope, mental frequier .'v which was fairly low (lue to lthe
Starting fronti the point where tilie axial load was additionll~ ilasse's necessary fo.- applying Olie static
applied to thle bucket thle plain vibrat ional st reAses andti Ife veibrationial heiiedin"L forces.
could be ineasurc 'The overall svst -u inside the frameme fias several

For elevated temiperature lthe strains coi~dl not res-onance points. Biesidle the acettual buckct Ire-
he mieasured becausle of space limiitations andi ill- qmie-neY~ thle most noticealble ot her resionant Ire-

tiot eadce s byet e inductianoil, lite this case deflec fleri were those of the fraeme, the framie onl
tiotreaingswer taen ad te crresoneing it., supJports and the cantilever support plate for

stresses on tlite bucket at t lie de-sired locie.ion were tilie, maguietic driver. IHowever. aill of these wer.-
calculated frlom tile deflect ion Using thke stress. and fairl.% Well1 displaced 'roam the biucket frequeitcy
deflection iieasuiremients at rmmi temiperatt rr. as t1I111% imeipo.ýiug no sperial prob~lemsi. Neverthelm.s
a calibration. The deflection duritng vibration ait ow-~ otlier frequency causted difficulties in some
t'-n perature was determeined by aipplying at mirror vioA This frequenicY was thle natural torsional
to tile jaw bolder andi etiliz' tg a Strobotat andi freqgueiicy of tie bucket. It is well knowii that
scale as shown in Fig. 5. Adjusting tile Strullotar t he fandemuememitail torsional and benelimig frequ~encies
to approximately lthe operating frequency of the atotncoei at hc ev o aua
bucket, deflection angle could I-e read in radians frequeeecieft. lIn this investigation thle separation

of these two) fr'umielivi. was colmaplicated dluo to tile
screw type neutral axis whit-h produced at sinall
mniount of torsional inoveient under betnding
loads However. this ebfiumltv' was overcome liv
thle addition of small Ilasses on the ring thus
displacing lthe bending front lthe torsional resonance
point. A sidelight whichk moight lie noted here is
that tile influence of frequency onl fatigue li~nit~s is
bring invi-stigated seporatel 'y and may' be reported
ait as later lttlie as at theoretical evalutation.

tC) Tempeurpen .3feniluro"Mies

Fintuas S, ipetiekt system for metaurling dtynamte Time neeas'iremient of temkporatures ait the
dcflectmome. -IietM sectiou of the bucket presentett nnimv
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probalemls. 'rib,. i'~' ast , wt'ra rnl't atati et tisaii eg ITNINS ON CONVEX 550

at Raaelaoainatje' ryoi'aia'e'r waith iit Ilo- ita'te'll rv- O WSCE

c'orde'r s~et tea it telale'l't- ure' ratitge' of S011-1 F to
IIIIN) F. TIilt, eajatae'atl ,a ,te'it ill I lle 1161aaelmieaiii e

ww lt'sigtae'e for at dimliv. tae' of I; jindo., fi'aaa ti11'
eatetlt' .taifat'a' atiel at taarga':t, ci't ef jtinch. Ihliti

it watN po)ssibleit)te acilt'lii etill- t iettte'e'il 11%%

tunof Ill, iwia'tiiig i .. a. rift. tiaoiia treat vPaas -WL UK

tihten u'iaterkte for telemiaeraltlire' ilist rilitiion iii tilt- STI GAG Le'

atxiatI akitnl il tit,' liat'l'aal ifir'ectiai~. 'l'oae staeaiae i
iiiticattiag loca'ttion att tilt' traihiat:g e'ilgt' wac" ui-ede

for recordinag tite' noineiaial tt'iatje'attir t iilteairia

sucecessc'c' fattigute tes~ts.
Tilt, itjiairac tiota of tilte-Rc Itiki'it autt it**s a'l'itija'aa

ia'cittais it is it totAti racehiattie p\at ro tw whic(il

wais adejustei'l it) iaiark itot 'v y 'laa e'raa Icrt. 1111ai

thle' e'iijs.'iitY taf te'i aakt-i m aaaat 'r~at aandle r "

opert~ond ctoltimmhit. tohe li,,ba- fortil- M SECT104 AREA OF THE BUCKET
iaeastirt' plt'lats. lii tartdIer teo etaliiniler ike tilt' vin' , t AND STRA11111GAGE LOCATIONS

acSaat i 11111 dt' oaf tihe'tat tli'ieti tal ito 1 lovla ,1e'adlle was

placcei jinsitie' at ct'ri'ilieit wiait'ia wav; loie'ateeilli i t aVto ety: 7. Iia-arilatilio 'a f ',\a i l ir.-v, tat Ithot a onatae~

mmiietl tubt' 'rite iiis, \,,' iwio''a''ii it\. at lt',jstito,'' i and att' 1 - te\ile, tif Ito- an ia-climita?.

witre c'oil inaside' tilie' Itieit. Forai voa'aatatriseaa eaf

ta'llp('l'ttt ire's at tie'riaa'alimc lape%'it wiaa ItleIo'a Otea t it' e e'aavia'alate' ti( s'tl'e's',a. F'ori thi ail 'tcllattiota tilt

dinc~ idalltiat RItlo. aadlilaatilw'.. ~aime atll'i at tilt' let'acjatio iaaaalli,. eaf O'instia'it v tf a iaa iaake't aaaatttiaal titt the'
'ointroalled t'e\I it -t It he ice'iaat'aiplt'. ( 'atiiittai ioni aeltlaiit'atlele' I elta italacit IIt' \% laS at tiliZ't. Fotutr sv'lipCS

ia aaciitga ware' t akt'a aaftere dat' eiset'wats aaxiaize'oil od cf 'e'adiot~ica ve'le' ackten atntd acv'tritg't.
titt' aatrfave't over aiti txte'ltvlt'ZneI pae'riotdiee. litt tOki, 'ite strt'sse's w'ae'e iplotIt'ed togethet t'with it a

wlkYV litk' tIacifiacictacit' tiat'ý -wl' te 'it) e'ile'iv'et with tile' iaie'veittattol oata f tile' e't'aSec'ti''oll aat't'a of (lec

Ilt''ieaatatIavolle' re'aetittgs aeai a tt'Ili lhaeIt-np-tim t ar'vas Iaaaka't atit itt' erititCki leatattitate itt titte diire't't icat ill

atSStaiace'a ftor se tt ing thia ue bot I it Iaita i'at lire' tit tile' w~hi~i tit i' v tc't aes showni itt F~ig. 7. lIThent thet

iactte't acreat oaf thet tra ,titaag e elge e'uiaaililariaaa ibe'tw'e'en al exte'rtnatill kindc thet' ntettrntal

KMC ~ ~ ~ tt'btw~een' th it tppiie't m14It thie t'ti'tlcuitteel forces witi] ~~~ sowd wt'ta i 'ale' I .'vlteIn itlg mt aeialit iota to tlike axial
ON u"fate', ns siow tt iltt Fig. 7. Titis lat'ttinhg wits dut'

tat ito thea tiae mcake't siatpe' withi its scertw tvpt'
LL ~ ~ ~ A1111.41 of ia~ ' teutri n 'c cxis ant at tett tilt of fite' imAt'tt ttwacv from

ti'a-etilial d irie't iota.

""OLT lit ope'ractinag etagias these benading stresses w~ill
OmWA.TOR tekSO le attaperilaapO~etl Ott tIt lie pittn 'enttrifuigal stretss

~~ ~ i ~i \ j ee b' t weensit stresses ow tar tile baucket ilthip b ecau'

tar the td'ttereasinag c'ross seaetiottai atrea whecrea~s ii

T1.ikxie't kll mt aaltls II'rlsmaa.'e lttilt' dw i pe'yioatsi tile operittilig enaginte stresses increaise toward the
at vlt'i t itha Il ii a llae'aa tj alasattat ttii th pee'rtimtaeet e'r af i'oot i(Naeatiaee of t ile maass ita'emise wvith in lcreusin g

at'he't'iitllv c ross se'ct iton tof tile' lit acket wert't uase'd I iistwivlIC from atil t la ip. EThe tilt of t ie buctket 'is
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used in seine designs~ to compensate for the gs lthe standard static relationihip the stress at the
forces though this coanpelasati-, is exactly true location of the strain iAge was calculgted frojat
only for one fixed speed of the wheel and for at tlip deflection and plotted ag-ainst the amiplitude
certain temiperature andl will not hold for dlifferent onl the oscilloscope socreen. Since bothi the in-
conditions. It is therefore questionable whether verter amiplifier and the oscilloscope hud linear
sulIth a design will be hkneticial. chiaracteristics a linear relationship between the

()li~e purpose of this investigation was the -oin- two variables resulted.
parison of fa ~.*stresses. in critic-al fibres under For the dvneui., maitsureiientis onl the bucket at
com11binled loads1 Witt! fihe resultS Obtained in the bridge circuit wa-is used its previously described.
conventional axial loadinur uat hue ke--ts. The crit- Thus lthe stresses around the perimeter of the
ical fibres in faticune in this test are those on the bucket atl thfe critical cross section could I~e ineas-
leading edge-. The stativ axial stre-.! onl these iired ait roomt teiaperature. The result was3 plotted
tibres is freqjuently dlose to zeco so thiat only coint- as. shown in Figt. s. It can be seen that lthe stress
'lIetelv reversed tivinmic stre--ses have to be von- distribution does not reprosent plain bending- he-
sidered. Therefore if the test results obtained causse tife conmpression 4n1ti tension force- are not
fronti the tes;t stand for the btuckets and front re- equivalent. The arehs onl each side of ltue plane
ý-ersetl bending, load fati'vue test nacehines aurree through the centroid parallel to the naini bendinmg
for the samie niaxinttwn stress then the tlesinan plane are different in size. The reason for this
stresses for various bucket desilms van be deter- result is the arran-_,eiiient of the vibrating sy-stem.
mined theoretically b)% usinur reversed bemidin:- When tL.s systemn is miioved perpendicular to the
load fatigue test data. systemi a,:is ait the point where !he axial force is

The dlynamuic stre-.ses due to vibhrational bend- applied to thr, bucket this axial force increas ed
im., were investi, :ated -separately ns mentioned. with increasing lateral amiplitudes. For high axial
In preparation for this mneasurenient calibration forces- and rig-idity in respect to length these forces
of the instruments was necessary showin- lthe re- m1ar, increase co'isiderably. Consequently the
lationship between dynamtic stress onl the bheail mneasuremtents incelude the increase in axia! force.
,and amiplitude onl the oscilloscope screen. Fig. f, Fig. 9 canl not be interpreted as a siniple super-
shows schiematically the arrangewient for the cahi- position of Fig. 7 and Fig. ,,. because the dynarnic
brtition in which at cantilever lwain of unifurirm stress,, shown in Fig. % was increased proportionally
eross section over the length Was usetl. Using- lo s~ach anl extent that the niaximuni combined

I STRESSES CMi COMEX SIDE stress would be equal to the stress at the endur-
OF THEBUCKETalice limiti of the inateritil. Fig. 9 therefore shows

thke niaximnitn permissible stress at the edge of
the bucket and the distribution of related stresses
around the cross section.

- 0 PLAN T101A14 "KE In order to check the variation of axial force
- STRAIN GAGE LOCATIONdS with lateral uniplitude, ineasuremients of the

change of axial force werr miade by connecting
ltme calibration systemn for dynamuic stes ineas-
uremients to lthe strain gages on the pull bar.
Considerable non-linear increase of axial stress was
obtainied as the lateral amiplitude was inereased.

Measurements were conducted for one aniplitude
with all ten readings taken around the perimeter
(if the cross section. An additional hincstigation
determiined the relationship of the aalstress to
amiplitudle. These basic calibration data w,ýre suit-
amble for application to lthe theoretical evaduation
of lthe actual stresses onl the bucket.

For the evaluation of the dynamic mneasure-
iments the diagramn of the stress distribution

FiGURL S. Distrihaitioim of ilnai ,tv~, nt t~ had to be corrected because it increases lthe
cuavadeonvvx sjides 4f the ero4,s. sectioti. superimposed axial forces resulting front 'he
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dleflectioti of tiit( svstcni is pSireviousl,% lilt'l- _

t oneti Thi en cme~n j it'at ion of voi iprt'ssloil and14
tension forces onl eithe'r side of t he neutiral axis-t 7_

il plain bending caiii 1 e checked. 'I'hl(, external I6

vibrating force ha e dietermlijned froiii the spring
conistant, tilt' illass of tile, ssivini and the fre- t ý 1

quenty of tile, vibratioii, for unit tdeflection
providhedtit the aillph lg w s 5lIival iis it wits miain- - 1 t' `
tatinetl in tit(e test b)y N l ~ii;a:m tf at s*e iiai fastenling ý
arrangyenlh'nt lit tile root of tuei~tl'buket. The CYCLES

distance froml tile faistening- point of tli' ('1cantilever lFl%;i iw ll F'.igv I('I' 1ri~tglh of ~- '.I; tiickei' att
betulll is 3 inheils. Thle (0111 jalrisoi of tile externiii 1 ~350' 1: awl 1 5I0' F. Mtt~axitllaa stress lit t he 1fl'dinig
and tile iltrnl t moiii 101eli t lit tile, (ross sectt ion edIge.

calculaited froli Itill' stress u list l'iblit ion hils nlot
been) volllhIi'ted as~ Nl' .~ M, 'bi ll rllllilliary Iltliasulte leadingll edge shows the ilb~so

tllte Ilxlill tes

Illentts infitii'iti' It deviation joll about I OF 2 percenlt. failuire is Obitained'l lit I his loctiito0n.

It initL lbe niotedi thatt till', ullax~lituil streIsses At elevalted templJeraitures till' strvsst's alt tile

occur tiit thet(, iges 11111 on1 t i (- collvex s~tide neatir cr1it ical cross sect ion were cidcula ted froini till'

tlie cci~ter of thu'. cross silt ioll. 'I'liu eip ' tht'iii'iot n01 llslurl'inelnls lit t hose tv'inperaituIcs.
lire uiuh'r nearl' ('011inii'tl reverisals of strt's, As ti('iitl'l' 01jill.itllliu'5 tie inlulhive'iia'' Of unvl~ll'l

t'pe d\n in IlliC st re~'s ii 1wes'n t . inl tile Modulu(s Of elaSt iciY lt V da 'rivus locaitions is

Finally the ( stiatic' axIal! stress pa11t ter'n Wtll5 iniport atl t ( 'onsequ11 .. t tI thies'eli uges tire in-

ad ded to thle vibratt ional d istriibu t ioi i and1( Fig. 1) t'iudet' Intill'th ratito of till' diiefect ion lit elevated
show s tiit' result of thle ('011 ibItiie for'ces pro- t '111peniatu it' 0 t hial lit loom 1 telliperilt ureI. Thiis

lport ioniillv i ncrieasedt stlchi tho.'t thet st ress rteached a ipproach i to till' dt' I rmi ii-t iof of thI e stress froimi

general diist ribI utijotn11 t indctsit maljor influen'lcet tutres is iisuse i~'151l ii WAD T ('IechiinIiial Report

by~ leiltiillg. C on~se'quetntly tilte IllOrel St~evee 51936 Part 2.
fatigue st resses provlitili t the e' gi's S~ince' tih' Fig. 1t sh ows till fiti guit liitgrmi is foir buck-

PIS iiiiuh' of The I.'Im flit ig"ul lilkit for .1,--8 16
STRESSES ON CONVEX WOE was 50,000 psi for 15000 F n~ominal temperature

OF THE IZEiiid 53,000 psi for 1:1500 F. This is close to or at
tile axiiil load( fiitigue lim~it for tests on tile same
miiateriai and for tilt sainu test temlperature.
(Wapparigoil wiith aixial load fatigue data should

also lbe v'idiia for hlighler engine speeds. A comn-
- PLANE THOGAG LOCKETON arisoti withu I ayn's Stellite 21 is presented in

Fig. hII whlich shlows tile superior"Y. of the S-816

iiiateriiil. Pr'sently t'iieek tests are being con-
dui'ted tseho muh chag will be obtained

OltTýE WMEwhen tile temiperalturte is raisetd to 17000 F for
S-8 16 and to st'e how this iiiiterjal will behave for-
st'ort timie fatigue tests.

nipi fiailurte locaitions andl appeairances obtained
10111 this ttest apparallt us tki'ret't well withl the

lociationis iindt apptearanctes observed in inan11)v
0 ~service fati!ures its shlown it) Figs. 12, 13 and 14.

Althougih exact tempteratures and sti'esqcs occur-
ring i fligttie nlot known, 'ood agireemenet wait

(D obtatined biet ween v'lculatilteti anti experimient ally

F I(; 7o: 91. Dist rjbtalion of rota tjiicd ~tiv~~on 11ý dteift'Iininedt stressest' aitl fretq uencies for the test
coulcav' and1( ceivI'x side.i of the crosx suction. temperatures used.



lea-ling or the trailing edge will have the maximum.
500. S-.6. IME4lo dynamic stress.

A fairly complete theoretical stress analybss
So eovering the main farces acting on a bucket is

psi leiwen areas, moments of inertia at
~.vgS TILU TA~i £21* variouc, stations over the length and centroids

)o . are known and when the load and the tempera-
:2, -ture distributions are establis~ied. The joad

and temperature data has to be based on flight
conditions and presently an attack oin this

____________________________________ problem is being mnade.
.0, 'o' 0. 0 a 0 From the tests it appears that the rnos,' highly

stressed fibre in the critical cross section of a
ii(t t, I Cuit iris'Ii of fItigrilt ýtrvaigt Ii alld S-8it6 bucket under operational conditions faiia at

:,,,( lhitI,. Stelljt-. 21 trirehjiiAtw.-ts it 1350"t F and about the fatigue limit for convention J axial
15WOi F. N.,siimian stres, for S sit; at thlý leadinig loading tests conducted with the same nominal
.*jge. for 11ttaivrw SteIits. 21 ;it thei t r:diiia ed w temperature. Knowing this fact the designer is

APPLICATION OF TES RE11" it] a position to calculate the approximate stresses
FOR BUC ET DESGN UMd to obtatin all impression about the behavior
j.'(j{ B(;l(1;'l Il~Ml;Nor this e~ngine part undler anticipated loads.

It in a he helpful to consider the~ app)ljicaio S tartinig with the centrifugal forces existing it
f tistesaasitouctdsIgn ne will ailso be peCsible for the designer to calculate

combined axial and bending loads the edges o. thr aiuipsil ie mltd fvbain
huckets will ailways be the( mtost highly stressed Ihitping will be provided partly by the mnaterial
locations. It dep .ends oii the shape eani. d onl thle tit tpmplerature (it - to internial friction and to at
location of the Pentroids in various cross sections larger extent by the provision for friction in the
ill respect to lhe renter of thel root whet her thle root fast eninmg. rbie mnoin mt of (anij)inig tin y
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axial forre aoIl ta allow somte ilearince for those
serrations lo1eatpul close to tile airfoil to provid-
I Ianlpi ng.

Itaso seems to h~e essenttial to allow for soine
flexihihitv jri the airfoil or tiie huitket nrid to avoidl
cross sections which are too large. If the airfoil
is too stiff, the huckets will act as rigid levers at
fll, wheel serrat ions and will originate failures in
Ilie rim of the mwheel. The best desigi would b- a
hal ancedi siress, (list ributiton such t Iiat every part
Of all lkssemlbly Would4 take alt even share of the
load uinder all operating conditions.

C:ONCLU S IONS

It has been shiownt that by special tirrangen-eats
it iia ,v be p)ossible to investigate jet engine turbine
buckets under situluatedi service conidit ions and to
obtain mneasturem men ts whtinch permiti ta good concept

FimHr 3. ailre f al-,hucet.Matria: Imi- or thle general stress condlition undler whidli the

Fmi E13 F.turru ~tSolte 21.~ part hits to op)erttte itt service. 'lThe mneasure-

mdi ts couild b e chockedki I y alcuhi uos based onl

also he considered in designt for limiit ing ilie uIti- e.1uilihritnil conisidlerat ions bet ween internal and
plitude. H owever, inicreasing the dammuping, by it exterutal for-et. 'I'le two forves have to he equal

loose bucket lit in a nionrotat intg wI ed m~ill 'lot be aW1i of opposile dii n' t jot'. This iniformia tion maya~
sufficient because under ccittrifugal forces thI e ailso supptlKrt n ew bite. 1 lesignIf and event uallv
buckets become tight again. TIIo obtaitn the thle designt of comipressor bliadesi.
intended bucket sorvice Mfe it appears to lbe TIhe mtethiod is applicable to thle itnvestigatiotn
neeessai i to keep -t t ighit fit in tile lower serrattiotis of overheatittg probletms of buckets encotintered

of thle C hristmnas tree root in order to take the ill flight amid to thle investigaution of repeated

Fuint siti 1t, Test faiturt' of! bu tkrt . '.1'terit&t lfayne utStelfite
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thaermal strenss and their iliun..re in creating Hlowever, this problem involves considerahlr
local mcidual strese.s It i,.ny altso be u.4d l, ,oilliculty in tratnstferring the neeemary energy
investigaite both tie etfre't. of damnpiug on vibra- f;'om ie diriv,-er Uti)t to thie •unall test sperimen
lions and ti e influenes. of vln'•t.i' in root d'tmigin. at time 'requewies iivolvetd and with t(li anpli-

A fur•ter 'spect in the imla rov-eainvat of tlie little necmesary to obtain %hort lime failurep.
fietliml is the ilnvestigattion of thle iniflueneua' of AU al temlp to test the .•vol baratd ouei" rI;ueai-ry
higher harinor s on the stiress ahisribution. may l[ mdnle iit tIhe fitre.
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Part 2. F'atigue TiN1t4 4)f Tiarbine Hutwkets under Static Axial andi Super.
iiInjiitmw4l N. ilbrational Becnding L~oadsi

dmirr. pemifiung the apphowtian of static a val and wupwimpeerd
tibnatiorne bueading ecihid bir mean of an $ntrormupwie. is disrussd.
77w "trisation of tdr nriiatian of th. wraxiliv IomW bukf Kmdt w
adijvsWr to the Jundammuuu fnyswmrr ej thims mteu. 776P imeo
.usparunsfarwSs roaseuit jeping ent's end mcrxi- tesam &n"as
tibratjann W.remsiden-d. SpowiduI aatmieuis piur aiae mmsawrinu
uscthids ftw ahaiminiiat~srm% and d.~reciuzi ratues of eke neiirags
budwuriander d~wamir toed. The test uewr rendwimd of rem end
at dcmaud tern puec. res. 7U. nudes enr distusd sand rurnpwvd
to At fat. poe tcest Mende us~imik rundilAat~s uasing umpi -Spemrnms
and somndsrd &tinUp "res.

I NTROI)1 (T10 to another and to continuer lte fatigue test to
filrnIL Th. failure point shouldl be preittely

In the investirstiou of turhmeto. hur-krt*. lite mirtentied~w . isarmutinir the. nuotoer of r~t-ls ar-
toria.vior of lthe maaterial unteir tornb ation as clinre. fow (agiufr" If the buwrkeis er no-londtii n
affecte h ' vrianaime Lrh as shape-. 6mliotIassaw the housiang of an i-opin "udo coiurratians err
and ilynawviri. he- rosuhman stirrt gratfints. r4.. % rry diffirult to mcake- as thme test has to he stoppe.t
voted Int tpolattn. anti 41411piaAg cli,. to faste-u. at short intre~als in onaler to dtriel sthe failrrwa.
tog s rnOf greeat 11antCatnn 164lerau of thts '-wh a pwrdurabre is unelwirable because of the
vamipt ' of rondatmano, it *as timrakle to bouild a temuontinuitY 'In Mr.twne and heating tin- blaeIc'
testing dev.ice t"table (q inviatigatitug ant or fit toiarn * a trot, the ratio. betwenmus axia &
6We lithe mom t iportant o( t"aa factors, Alt of' nansir bending I# mwoo abw entut be vmriced.
sith I'vitms err phraeut tlurint: oparration of the and the td'anaaw- sitreon. ateprod o the spolvo of
burketa in wccrvn Laboratoei ttria shouldl ap- the 'sheet. .lhich almetrnituui the- axial load. owhie
pmwnh slriev rrih Cullost as Cloisely as peafthle viltation peakos narcer ontY at motne few sparorda

P~reious tes.ts hav~e hrer cont.wurte matr rv- Thew. rrlretioa tWa to the deretopatet of a
"w cimimdition .% -p lorang the turtlahe shr ieetas testing device for b"Prkat" hd peanutls fairly
the .-.ipoe and h6 "ynasomawiw sprAae. stralic smai weal thel applirtiso of all ratios umer "Wtaslate
*Ur~m at mane- toratmnoro as' aut mas ta-.nprraturrs an ~We raoluitions. although the "Mro.wqit.Z ~rwrt
Thoo. tests liast eeni Vo-eq% valuttale- as 0tat16t"a had 1 torb falrvalowA ha- staitr &%Wa leas. Al.
neehertal(4 ltshe uetectiona of dangganne Inreuae-nre-. thmWh this er uttda mwiat toww forotealy
the kinds of rahrmtaan. the tr-nailing taenprratwvwa mliii to the mam of the - .. I... for apptiain
at rrittral sgiot, in the taartaimr heaw-ket* antiu saioiar the ada wlo.d it a," poftblo to pha" the stasi. at
aimpt-ratioew Ito's ever. it mago lm-aeial le that the wt.-os in the range of the prubabie feillun- For
invemicatiwi o! Wu4-tr mauatrrtus be- auiin l~ ive Vetrupolation of Owe temis to tOe higher
Nar~i*.e to prnust the ajttwtat "cis t, anoakl.' fr"rwqutei rung- in .ef-'ir. the Urwfty iii-
for rvrr.% aie-marwl alt.. *a m-l a, ther roain s. ine turr"s Ob the atnn-n.) as of --imporosum- 11to



beieved that flhp frequency' change up to several which shaould be imm lighti as poacilfe in timp wimed.
wiwousind cycalesa per' lrimited *ill not p'noluee a Timea 'onalitimi wale oim'amneal byj nsetifm specially
a'oniiiat'uiile variattiv titl rialgarei to ltie (atign.' ia::ilt root parts of Ilimlaat' min timr 'iot; rmeigismhoitmg
.tm'narrfi. although -tmome :!:n~*imm to Pmaa'.a timte t f i twuket 'lie outsidet edges of these
olveirmd influsnehrmt fia thim dim'el'ioir ieiri-ilmhonn root parts ilome to the hutic.'k'1 tested

ilermau of lite initimal pntmr lijimuiatameauamt Were mauils up Witli a vaeldeal 1*4ad andi 'nma'eliamieal
presieant n~aiiair', for. v-ilwatjiol iii. buciket. omil v le ntammm atigie of :111' to tihe radial reimterlieme of timr
thme funtanirimmem a frrealaim'iv of thme ax~ial inaaiemie immakeltoraro-w tie w.idthm of tiite root, lThe edges
hmirketla hims,% ai itme.-t-g:~tsil \lIovt Off liar maiaomm liar' moot .aerratiumi dAmeim to flam- bucaket
waieta' faiimrv-., oo-voiar ama flipa 4ro'amam, 1!namramasair. a srr' mammaimmamsi to nit aamzOr o! 61'sl (Fit-ure :1.

?Tmis flirt i-& not toame iaaaisormtt Aat pliro"me'aat famw, if *riauas. tiar teat micmsket .ama ftors-red rmadiai% outwarsi
theoretic'al at~iiama~r rmri-t'a;,maam uia ll skilsirm tea mim l..ivItid i oltilmriam- teat
slmata oblataimeol flit Owla faamIamamaematml frrpenrmsya-. fliat* It %% a, ,ioewt'el olmarina, prelimminary teats tihat

itivm~aigatletha s-ama 111- s'"a'mals'ai I fltam ta'401rsom;m fliap sieliertaml Off tike lilp -.1 the 6ueakel slecrwae I
Lri~atamrsla frr-.jmear % Itsm (sulm:, to-t ammrk. it is aimeta lana.'o lit-, acre at'm.'a at time root assem nimmt of
anmis'ipmateol thiat a larger ;ipamai kivaaarr-vs atllils fli in ue put s'10mmsr% Was .64t tihrough frictmon. nomr

enre fietim- aintilationi sat teat re-mill' towr flt- in' as'sau s-.maam.a~insam at ltie t -isremal ftm the louimlitir ruise;
hanmomra ala Alithilnai liar teal immetianmil remal- AA lt t:.r kamer rad it! liar- weighingc bar. which-i
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knife edges in their seatings at the points of re-
versed motion as deviation from the proper curves
at the peaks and valleys. They may be avoided

NIEin future tests by using crossed flexure plates in
!i-SLi A. rC addition to the knife edges for maintaining an

A/ o(%exact movinr center without any shift.
A-/c/rETr For tests at higher frequene;es, it will be de-

sirable to decrease the weight or mass of the parts
needed for applying the axial load. Particularly,

W the loadinig ring may be lightened by holes, which
will probably give a larger deflection of the bucket

A, WONR tip under vibrating load.

"AXIAL LOAD MEASUREMENTS

For setting the desired ratio between the static
axial and the dynamic stress, it was necessary to

SF,1CTc A A imeasure both. The weighing bar acted as a dy-
namometer for axial load. Strain gages of the

filf,5RUFD - .- AE'T wire reriotance type were glued to this specimen
FilI Fi C'1 and connected so as to compensate for bending.

[.IU/-". A WHO' -DER The readings were taken| with a strain gage in-
dicator which idicaled a load drop at the start of a

WI'D-, ";,F-• wfatigue failure. No automatic, load-maintaining
WEDGE If device for axial loads has been available for such

ACI1 small elongatio:,•. During the tests, the load

F'wIRE 2. Bucket gripping, could be kept constant without difficulty, as the
fatique test shows microscopic elongation only in

d1ft-rent 'requencies far separated front each the last stage when specimens are very close to
other, (for example, at fundamental cmnd second failure. The load was reset front tinie to time by

harmonic), caused thie output power to he low for Itand, ias required, by noting any load drop shown1

the frequency for which it was not designed. The on the strain gagn, instrument; however, this did
reason for this behavior was that thme output trans- not affect the teat results, as the test tinme was
former of the amplifier could not he matched with measured to the begimning of the specimen failure.

(he magnet. Ilowevcr, it was possible to adjust At elevated temperatures this procedure is not
it to the fundamental frequency at around 150 en~irely satisfactory as it requires a very close
cps. In this case, en optiauunm of output energy observation of the instrument during tests.
c-ould be obtained. During testing, an oseinlosope This was experienced especially in the beginning
was connected to the leads of the t.xciting muagne', o! & test die to the expansion by heating slowly
which indicated the proper fun'tion of the device, all parts of the devies. An extended preheating
The watv on the screen showell the slipping of tihe period was needed to heat all parts near the test

bueke. to stable temperatures. The elongation
f>? r " of these parts then caused a decrease in the static

PIC,41 MO' axial load. The load was reset by hand during

%H EEL elevated tonmperature tests as described for tCe
H• room temperature testq, but in this rea the reset-

ling period was included in the test ,ime. I,
W1,AD ID future tests a loading ,ear motor way be used for

FA¢ CE automatic control, It will be cornec. -o to an
elongation indicating and controlii ig (eviee not

yet designed and developed lecase of tlhe ex-

tremely small elongation values which need special

Fimit mtL 3. itimcket fasltetinhi in the %%heel. consideration to give satisfactory results.
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D)YNAMIC STRESS MtEASURiEMENTS present at till, wits not visible oti the ý.'ieen or,
the oscilloscope.

,r'he spronid very imiportatnt mieasurement wits '[rite amplifier kept tile vibration aiiplil ude -oil-
the determination of the bucket strains and stresses stant ats long its no (-fling(- ini the spring congtan,
uinder the dynamic deflection. T[here tire (liffer- oif the vibratingr syst em occurred~. A smjall fiail-
ent possib~ilities for obtaining these datat as p~re- fire, even whiemi not Visible ait the,, bucket or att
vinusly mentioned in Part I oi this report. F'or the tlircadled ends of lie weighing bar, displaced
the final test it dellectie- measuring maethod was thie natural frequency find thus decreased thei
chosen which had to .,,. calibrated in stresses. ampijlitud(e. Fronti this lttle on. till almost (-on -

['he deflection measurement wats conducited by tinuous control of the frequency by hand wats
thle mtet hod described in the previous report with niievessarv. For tlie final rupture, anl increase if,
stroholav, settle, tWescope and( mirror, thme lat ter tilie Aroduced energy wits require(] to mainftai
being the only part necessatry onl the bucket. It time original aimiplitude. Fatigue faidure in the(
could be kept sufficiently simmaill ill SiZe and 1111M5 threaded ends of the weighing bar occurred only
so that it did not disturb ainy frequencies of t it(, twvice throughout thle many tests completed.
vibrating parts.

fn a speciil calibration test described in (detail STRESS PROBLEMS
later in this report thme relation between mirror
amnplitude aind st rain tiit dIifferen t poinit s of thle The predoumminaunt aim of cond(1uct ing tests onl
bucket had to be in vest igat ed. For the meiasure- buckets by applying axial loads aind superimposed
nients of lthe strains, wire strain gages were applied beniding forces I, to imndicate thle liimit to which
to the bucket ait one cross section 'rthe diffi-culty thle material may * hle loaded ats a t)ucket. Iln-
of this method is thle measurement of tlite amnplili - fortunvately, it ('aliliot "M' assliiiled that thle (listri-
cation of thle strain values and tile revordlilg of butiomi of stresses in such a complex part ats a
the vibration strain curve ait 130) cps an(I eventim- bucket is uifmlorim over thle cross section area.
ally at higher frequencies duie to thle presence of Thle bucket lhas at tapere]1. shell type shape with
superimposed stray frequencies caused by thme a screw type neutral aixis; find(, the theoretical
operaition of thle testing de. ice. determination of the stress distribution over the

width iii any cross section is doubtful without anl
VIR 1111HiON EXCITIAT ION exact knowledge of thie location of thie axial static

lin general. thie procedure for generation of thme aind the (Ily inainic bending loads, introduced. Tile

%ibri-tinns wats described if, the foriiier report .~ h atter is an umndeterminimed l 15(. as lie vibrating
ver citialpoint islt eting of nie agnet i* systeii conisists of the bucket, the ring, afind the

gap between the electromogmiet amind thle bucket, jaw., for flhe application of lthe axial forces andl

ats thle efliciei~cv (decreases with thle squaifre of tile time weighinig bar. It is not known prec'isely
.listance. Unfortunately. the inovenment of the which part of thie weight or mass of these parts is
bucket is not plain bending, due to tile screw acintmg Oil t Ie hucket aind which is acting oni thle

type nieutrail axis. Plain bending would give at weighimng bar.
parallel displacement. lit thie case of the bucket, Because of its screw type shape -iider tIt,- axial

af torsional motion is superiniposed over the bend- and14 beniiniig forces, the bucket reacts not only ill

ing, changing thle gap ill anl inefficient way Add- tlie related (directionis, but also in at torsional

,iotlall V, tile constant field of thme niagnet lysteill miomen'It aroundi~ tile longitudi~inal axis. For this

iimposed a ccistiint tensile fnre ni~ thle tirmauare. reasomn, it was decided to experimentally measure

('onseqluentlY. f lip gap) t. . :o ble kept approxi- tile desired static aind dlyimiaiti stresses oil tile

-1110ely 3ý& inch wide to avoid contact which re- h'mckrý in ordler to obltain at true picture of the
sulted lin stickii.g berauste the vibrating system, stresses imposed. A kmmou~ledge of thie true stress

f..eP though axially loaded, wits relatively weaik dlist ribut ion permtits at more acecuratle meanUs for

in thle pem pendlicular directioni. thle determiination of t(lie stresses ait thie fatigue
T[he ntagne: system wast excited ".% m- t. himit.

frequency oscilhltor whose output Was fedl intk*. TEST DEVELOPMEN~t
:.,piirie~ of t.400 watts output. rite out'iut wave
ait thle teriminals of thle mfiagHIt W110 a4 Fine waive 'rthe ineatsurenment of lthe strains oil parts ais
upl to very hiigh frellucticie4. The dlisttort iou , if snmill ats buckets included swime difficulties because
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of tile lack or aiccirate reaasririttg devices. flow- locationl of the strain gYagge could be caleulated
ever, it cot iii he 'awc artop1 isl ea tat roomlemIciiperat- using tile' Later met hod.
i tire. Foer ti'ts net elievated 'i ciitpc'ril ares, ou y at Using tilt- same set up for the' vibrating butcket
few~ si rail a gatge. are available i. ciii'(o c hit t arilite under aexial bvad, th~e beniding stresses could be
reailly aveiiraele'. recorded by sttrrtitag thle test after the application

Forth' ititaita'It. s wrt S t I`tggs ei of tlic aixal load. The measured stresses were'
uised I Ic'al is or thf ow* vi't tilt r'll; liiig 105 plot ted tit t he correspondinig locations su perimn-
hilities. Tait g.ge' hats to l'itgtha (of jiacha Mid it po)Sing, axial candteltn(ing, stresses. The result wats
wvidlth of 1. inch- with i aacst a~i~t imv cif 121) o)1iii s. iised for ideterminitattion of the stress at the fatigue
fromi whaic'h slifivuic'tt ito'ciaeiYv in ad bie exptec'ted. limait of the spcie'inn, c-orreluting the deflkction to

't ppling I i gai t scteItt tgt~- tile' stress. sinave during fatigue tests only dellec-
large strain grudientts . gapi s~izet ist IKim'oo it I t tio! t wemr mueasured.

The itnvest igat ion st arte lasjivatt~t frot atI niak-
Iceieittt I'itsuimg lite winf st taite I age ill stitlti( MODU)LI MslEASU REMENTS

r!iln wiiainceieet 'it iceln ittea no compression dlata for molulus .)f
Iy tiY easutrinag Owl stratit tttt dii ceinteir of eaech c'lasticitv of Flaivnes Stellite 21 (Vitallitun, were
stralit gaige andte Jpiotlintt rt'icitlc'a 1- tr11 e sc at

tirroelitr io -tnli'csssceto aevailable atid since for the ev duation of the strain
I cicetairl tn I 'aim iltilt- grs s tw'lit n of th measuremnents tile mod0(uli t~or compression andbuoketwif thn 1 , vavidtin fi(- nlenal tunsion were' necessary this value was measured

121111lit tlt xi-lleitcomarion oraccmic' vk itt roomi tetmperature. .Tile inoduli of elasticityposs'ble be't weeni thit externtail atd l rthe' internalrt
mtomnent which tire ncereessarihv e'wal. are' not ihece-ssaril ('quail for' tension and compres-

Procedig fontthi basc cmpaiso. tlt- siota for tall it, terials and some precaution seemied
huPrtfoeedin fr onte tis Iaxi coia ttiisoni adath. to be desirable for irast imaterials. the pa-operties of

stresses dletermiinedl. The mean stres-s iove'rall which terc not thoroughlil- known.

averagge) coujld he computed en d multiplied by' thet-
"cross sectional area at the location of the wire'P
strain gages to obtain the loaed which baitl to he
e( Ual to tin' introduced external axiatl load. Thi'e.,
external aexiali losel wits measured as stratin on tie't.
weighing bar.

An essential part of tire pro.'eelurc' chc'scribe't is
a knowledge of tile niudult of elasticity for both .

!Pnc~on and compression of the material inivesti-
grated, llavnes Stellite 21 Nitallium). The axial tvawn

arnd 'the bending, stressqes van threit be calculated A
front the strains. As no data for the 'onrpression . .- :
modulus were available in the literature, tests at 'VVr a
room temperature were conducted. iStcih

After lthe completion of tile stativ tests. at utetli-
oil was .levelcoped for nieastiring the dynamic
strains ait frequenvies uip to I."m eps. The dy-
namic' measurements were turide to evaluate the'
strewss aetutelly inelacecl in it vibrating bucket
*ju'fie 4l%*mi;,t -. raits had to be. recorded at thle
saite instaent ats the bucket deflection mieasure-
mtents inr ordler to correlate thle deflectionis and lthe
strains.I I

The calibration of the test set u, .we'oin-
Jplished with at steel capitilevt-r beant of uniform 3sIc~tOm A -A
cross set-tioae tar'a onl whticht lihe dyinamic strains
%e're' nittetusreel siti keiltiuaneousl '% by' the wire strain Vi.a it t 4. I).vice f'ar tile noa'ictairt- ilei tit thtc elmtiat~telv

aner tmd It.\ ali cupt ioal metiihod . The' stri'ss atit lt'e itaicii voila t rf.pf'sioi.
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seutioll were' lllltcillll' fromi till violter. part of is Ius for tetnsioni.
ImIIko, tart iniig lit (lit, root1 scui ili. Till 4Jpeci. ~ f i,,ji~pni!f,,q~,.~u b.f~f 1

IiIIVI it ([ i tn di timitulte tf 0I.12.1 incvhies an ;Ilngtl cam(( I pr.iolto for IN let (I, SIdc /If.21 1 'ita Witit
of 2 inc~hes. lile ax~ial orvleitalio111 of the sphlcvi~lnlt

"Wus j)arautid to tlI Ain' isOf the( uIsIIVVt flg rl':L(tillg
Thlese spoli~llells mc 'o iis ittit t'i tlss (.I- Imu. S1~ . rl-,. 1E Modlutla.4

inde (Fgur. -1 kvliul hd Noilltil- pi 1 11l 1
efindici %\-tille oppoitet ahi othe t~ o al~ ltlg k Ole th10e1

flistellilil.r of two I.Xtelisill. It' oil till sp. -iiiwii.- --

The iv 611lS. 'i~liitel * i4lllsle tillv spevll'ielll \vlly 0I 11 it I)(

cIostoX to avoidl buckli~l IIIr IlIfl.r :ilijkl cmll-li'ls~imll 111) S, I51 hi . IS 225 :it;
load1. 1 511 1 2, 271 S. 2S :1411 36. 11

251 1. 1.511 131. 3.5 .1 Vp 37 I
for dtuletriniiiition i .utie ot11hili of ehi~ticit a 2iiiil lull 1 , Il 16. 23 I;0li3 :1. 8
the( renlluili.ts. the evuidlialla illiid Ois resuld., ill-- -----

shiown il ivi lrfhe 1 hie illiolklIve~l~lvilt s follokk it 1111 ( K [ ROS (io S ECi TION % I. R E' :
stIrigi lit lilt(, showig filleIlallity forI thvi Illodil us. O\1E li st It E \1 E'."'
elaqtiiityv for voipejessioul 11 to 25.00111 psi. Tie
viulie obt ajined\\-is E Compljress~ion 36A4 10.'li ill 1 iiitlt 11'.il ln an sllperitlipOSed

vibratin hl~lda. th fat lilur e occurredti lt 2 .37
6ýle Ps iwlches froml til blucket tipl. rhe cross sectiotn at

this 1)01111 \\its usedt for tile, mleasuremdent of the
- - ... t resses, for, t hey are probably highest at this

. li~~ositionl accordingu to the clcu~llations1 ill P'art I of
this re~port. Thle st ress dlist ributiton1 whicih was

- , . , . l11i4-1llatell is substantialteltd by lthe locationi of both
-- . j ~ll borut orv and11 ser vile fat ionie fatili! res of buckets.

~~'hiTe cross vet ion areas of as btucket was dtlet&riiiied

ama , -. - . .. . - y mitlking, Is paraffine n11011 of tile- bhide 111111

I siiuiuig tile dkosirell cross. seit-imt (2.37 itiwles fro'ui
-+ tilt- tip). 11101. till, or. hll Ites lit valrious stalt b4ns

I ~itiolng liti, vross seeioi laret waere Ilelisured by
+I lmlarts (if it Atop1 illie ,olse~p. Astralight lin~e

- ~~ 4- ~ olhim-etimli till tritlilul and1 leaimhl, edige %ias

selloted ,s dieo x-axis with tile v-itxit perpendlie.

z r:~ ~ ~ K4 Ps -i11 '141r~lI t~I ill~ tigue lnmltfrt

I * ' 51110, ille'14 el'lchllmi itrell will, mlelsutrell with ak
p)111111 leter. Thie melastlrpents'u ti5 re gi vIIIi

Alt Ta hi.1 frontl which lthe Irsms ki tl.:a -mi ineilel

a Ii w m., N m _mS S.iet t'rllitl

Mil 0,0 4W 0 A"' ol .buitcket iiiiii Itiserteli Wtill, it., Chimitivit~ll irl'
At W-)II rIthl into it bI dk-k vl~l from I it tkrbini Ilwhieel. ile

ul V IIII11111(11tiliv.sitHil. ý1 i i.-le l-14 O lS f t 1 115il lI SI 111ii l i ll d ivS virollit of111 tilt,
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Scale 5 1.

Fwq IRE 6i. Determinal~tion i f tht :iim -th. tie east-irtI cros, ,ection of the buc~ket.
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iLABLE 11.-Ifeoarement nof the nrdinat.ox of a rros.. sptionf ill~ pertnittiin- the applicatioun of at bending
areal located 2.37 jorcht.t from the buocket lipI

-- -- -moment. rhe litter was obtained by a lever
Thicktiv.- ýVsteiit parallel to time bucket suspendedl at tile

Bucket - __- - --- - tip anid suspended tit the short end undIernieath
chur.! f ig RýoIiia ('Orrected to zero the fastening- block (Figrure 7). The outside end

* Iii(if the lever beajn was loaded by dead wei-Aits thus
aipplying to the bucket anl external moment

Y. 1 : $ determninedl by time ]eve;- ratio unda the wteight.
The internal inoment was measured with wire

0. 100 i. 2000 0). (X"0) It. IX000 struim -zages onl time concamve anmd tile convex side
0. 2500 1. 3380 1 . 4:170 0.ts 130 ) 23j70 U. ON
0. 5W0 !. !ss 5 A . 595A) 1). 2550 0). 39-5A 0. 14M0 of thle blaude.
(). 7500 1. .54: 5 . 7150 0.3:24.5 4). 5is 1 -- R 90 Thet lest readin',. am'e givem n T~able Ill. Thr~e
1.0000 1. 5349 1. 77 0 1). 3349 1). 4-110 R. 234;1

51. 251 3. 7m 2 6211 4). 329m 1. 5410; 0. '4!.0 -trains rea'IbtWdiIli ahsmldaa tite loaded
1. W(Nm L. 4435 700: ;o ). 2435 1?!O 51)00. 25618 aCo'lit were ovra tt Mrýssui-il
1. 75W) 1.3:247 1. 5541 0. 1247 1). :t.;Im 0. 229.4 a~to omet nosrse sn h
1.98W4 1. .2000 . 0.(40' ---o 1) WON) elastivitY inb(lulus of E =:36.4 X~ 10; psi for tile

______ imaterial. Fimeure, 8 shows in at .5:1 scale thle
All valut- ina ioches mmeasured cross sectional area of the bucket for

whkich tlic strain ;;. ..- Z~u'cmments were takeni. Time
"1 ,[lbove mentioned stresses were plotted at tile

Crc,.. wetjia, are.a 0- 37 Iit, correspondling stitave locations around thle section.
'Fle stresses, though acting in a direetion perpen-
dicular to the cross see' ;On plane, were plotted in
that plane. perpendicular to a line connecting tile
two edges, anOm with the edge of the cross sectional
area as the zero point.

To obtain thle internal moment the cross sec-
tional area was divided into a number of smaller

-r areas each one 0.1 inch wide. Each small tirea
and its center of gravt fy was determined. Each

TABLE~r Ill. SWIC ieand.- an'l -tr,.-,s for a turhin.' burket in sLtati b.,ading vqnf,' Baldwian Southtra~k Sft-4' gvge.9 (A4-$) .580
in-lhs bending mPoaflent

Location.- ~Specimen bucket ileac. Ttl
No. ata cycie end diffi'rence Sytress, p~i

Loaded Unloaded Loaded 10 -4 I

372 1,298 420 -- 49 -878 -32,000
21,330 1,468 1. 33o -138 --5,000

3 1 732 981 736 - 4 -245 (8 900)
4466 700 472 + t; -288 & 8300

V 1058 1, 587 1,076 +18I -511 -18,600
6 996 1,.258 1,002 4-6 -28- 9,360

9 58 703 9&3 0 -r255 + 9.3
81,052 468 t.062 ý1-0 -+544 +2!1,50

932 5W8 944 -4- 12 +256 +-9,350
10 1. 168 1,670O 1.1IS! 4-13 -489 -17,800

Modulus of Elwsticity for Vitailium ~-36.4< x 00 p~.1
Gage locatioins.

10 
6
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incremient area times die avera';e stress acting spofldiiig moments of resistance become:
on that areat gives t~ total ferce acting wn tach 2 -
area. The forces aictinm onl )ne side of at ii'e 1 =It" = V i'
approxiiiatelv parallel to til~e huie coninectizng tivu6.4

edges of thle bulik-f represent tensile stresses, 0,5 1(,2 10 (22~

while those onl ti opposite off this line represent0.W

compressive s' esses. 'Illw resultant ofall of X .....2.0X~2i:

these calculated forces is at force acting ait tite (1.252 -,2V
venter of gravity of t(lie cross section of tile bucket. Tenoilto nri a baie o cui

By~ ~ ~ ~ ~ ~ ~ ~~~~~~s umn rpia ietii fJlt i tl om ~iietrical area of t lie bucket as 0.51 X 10' in
acting onl each area anmd drawing the fumi'-u lar i terahcd:ithdoMo.Threulmg
diagram related to tlhe locations of ti(h center1s orar

strtsses ar,
grrivi ty of the s inall air-as thieu position oIf t h wr 5
resultant force could be obtained. Byv ex(erCisin- (Iv ~ 2 =:,(ipi
tile stim e procedure in t itl* perpend ic ular dIirect ion58
(he intersection of thme two resultant forces iinli- 1~5(IPsi(.50/ 10 2
cated the accurate center of gravity for all forces
coverinL, the whole cross sectional area. This - " 1 ,O s
miet hod, which is well known front iiasic miechan ics,. Il
alithough not v'erY oft en used, p.ermnitte it' very Th e vu lv; ill Fiatire 7 ,hows thaiit tile iieasured
i'2'ctrate (determiination of tlie needed rotation stress inl thiv center ot tlit( conlvex si(11 (deviates
centers anid of the( forces represeni ing the internial (,onsiderahly i'roin the given calculated stress
mioment. The grapihical e-vaiuatioii of the ineas- &,, -2s .500 psi. This fact is probably due to the
uremnents ats (describled ab~ove is :shown in Figure, S. size of the wire straini grages which tire too widle for
The external moment wats calculated by considler_ tilie lajrge stres. gradlienits piresent ait like c-enter
ing the ]ever distanveq mlmld thle diead weihght Oil the i(oeatioiis. Tile evaluaition of tile stress (listribu-
endl of the lever armi. The4 weight wats .55.2.5 ihs. tion was coniducted ats outlinied above and the
und ats shown in F igulre fi: (centers of gravity were (let oriiiiied for eitch part-

tenlsionl and compression side-sepimrately. Table
.. 5.1.l-5525x51IN" shows tile average stress for each smnall area

The load introduicedl into tlie ilucket is flien. aiid its represente4 forve "lhe ceiiters w~here

L. =-2i 2 1 )5. those forces act aire obtained graphically. lIn
Tue iio~eit a (le cnsidredcros sctinal Figure s' tile distance of those centers for tile tensile

area, locatted 2.12 inches front tile point of the astwel isfoth oipeivfrcsrm elc
loanl introdluction was: other ishe

.%1=2.2X2j2=80 n. bs.This distance being (leteryniiied the internal
W~ithi tile imomientt known, the stress in the out er- moment becomies

mos(~t fibres of the bucket cross setiomiil area
cou~ld be calculated. If the measuremenits are AM=0.3114 9 --! 0.14X 1 ,851 =5Sl lbs.
acc'urate the caiculated values will ibe located ati
tile stress curve ob~tainled froinith !'ieiaeasuremniits. comipared to tlie extc:'nal mlomienlt of 5S0 iil. lbs.
The stress curve intersects the convex b~ucket The (deviationi 6ý

edlge tit two poiiits and the connecting line of these -L;- I 10('--- 4-0.17%
point-, represents thke neutral plane going through . ýS
tile c-enter of gravity of tle area. The distances C onsidering tile par-tial mnoments for e:wci side it,
at tile thrnee outermiost fibres3 fronit thle neutral is obvious thiat they differ. To it certain extent
planle are: biaxial stress cond~itionls, esp~ecially ill tilie cenlter

('U=0:340 inches of the area farl away fromt (lie rice edges tire re-
C,' 0:1.40 inehes sponsible for this error. Th'lis piossibilil v is inili-

-.0.252 inches catedi ly thle values or tile tenisile 1111( omi~pressiv,
ii onien ts (1 ,SI9 and 1 ,3 ill Hii.ls.) which should

If' Ow mi. ~omen t of inlert ia is deteriii md tlie corre.- lbe equal.
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t 

,,rim ( .w r I, yrapi.'rl do, Ir.in,.lijm; j" th," n,.r.,n , .f y.rti "l f ii b.cl"cl indlaer a

Thicki- siz," I of Average F,,rce, on
S nmall :tr. ... . \\'(,til i. thi t h mall arra . lress ill thie 1,ma1It are.,

No. inc t., ill : :.iall area, lbs

I (, ,iaw've •vih' of thei bucket (coipre-...in)

1 1). 107 0. :175 ....... . 00752 29, 800 171
2 ). "375 0. 472 .. ........- . 00817 25. 100 213
3 o. 472 0. 550 -------- 0. 01022 20,000 205
4 0, 550 i. 6.50 I0. 01200 13, 700 164

650. R511 3I. :1¶.-5 0. 0 1045 8, 500 89
i Il. :W5 01. 2116 0 00611 6, 300 39

0. 210W I. l)9l . II (oo11-11 2. .10o s

lO -(I. ) ~l(Il . ... .. .--- ----- - -- -

12
1311). 7i I0 O. 00251 AA00 2
:-I o l 1 1. i 3 :115 0. 0049:1 1.,00 9
15 0, :315 i. 1192 0. OOS07 1. 000 24
1 0. 4!12 i 7Ill 0..411202 .1,200 51
17 0. 711) 1I. !15 0. 01656 6, 100 !01
is !1. 1 1: I. loll (. 02045 s. 400 171
11 1. Iot) ... 90.) 0. 021HM5 15.600 3.12
20 o. ¶,1; ,,. 275 0 _ O. 01 ()0 2S, 000 330

E:F-• 1,889

r2 Con%--\'x -idh' i,f tilt- hiiekut1 (ttn~ion)

SI)i. z All 1711, . o II. o00315 2. 300 7
'2 1). 3}l 15 .. ')5 7 0.1), O{Is5: 1. 1 (H) :16

:1 0. 5'711 0. S1il 0. 01:00) 7, 300 100
1 1). sill o . !N5 - (0l.0 l; ,1, 700 156
1 oi. !,155 1120 _ i. 02105 91, 60)0 206

6 I. 1211 I. IOI l230o) 10. 100 240
7 I I, !. I'm) Ri 51i000 i. 1123610 I11).900 254
", . IMII, I (ilt) 0. ( '2:1.0 10,500 245

II I. IllC. I ONO I 1 023 10 !;, 400 220
Ill I. 051l II. 94.1) 0. 021125 8, 000 162
I ii. 9.15 ii. 7.15 ii. 16i9ll1 6, 300 106
1I. I). 7.15 . j5:11W -1. 11-1(275 1-. 700 60
1'1 0I. .530 i). 2:1-5 I (0i765 2, 510 19

LF-- 1,813

A,-l-6,l~ I

mi all aritvr I .-- .- (1 1 cll'( tll- h 5:hlll l l ill ' h ililm*' llii.

- p( i t Ig dly dt it-i'ih d I lrv- I ii lit S. ill hl' col r nlf r lilll'vch ýlall l.i.

The lti of tlt, i'ol li villii Ihle ei' llehr ',l.%t better hlvel'l,:l'alimii fu~r the, limliket ktiler Ii sl~ittic lowl.

ihlli !(mo rd i' lli(, oll.ide, edi(Les Prirlich'!il . it .showe~d it slight ctmeii nitio)ii nii ,it Owi lirhicipitii

Will nlot be Ipossibhhlet :t\olhl Such'l clln:iliolll; for Strssll,•• hes htiiardl the v'ellhr ofl thel bucket rooitl

the Iool usedill hi ll1kchin i. llcnO Serrationsl. lil\ll.ýs \dhich Ilsoil~lhdhiclhvs 'Ilitl !0Liillmi sirl's,.s oilidithol ,

Illiks :a hvldelli'w hi pirodhl',lict gl terhq hlhlen:llT ti''lll ilil't 1141s olsiblll lh it sololli vi vllI forllihlt, d %ihn\ i oilli

Iille edt'itts< tlhill ill O wl -i~l~lvli.. A sin)',.•.; (.4 woulllill irvil.

II~i• I • II Ill :2")'



w~ttofl area andi with stresses shown above the
atrea. The evaluation in Table VI gave only at
very small deviation of the center of gravity for

/ thle tensile resultant from the actual center of
gravity for the area (0.024 inches). The force
obta~ned v.as 2,453 lbs. andl the average stress
with ant area of 0.37 in' is:

2.453s.7) s
0.37

- .Asshown, in, Table V tile weighing bat carried a
tensile load of 2,600 lbs. This gives ain asccuracy of:

1(01= -5.6%
2,6M0

This aceniracy is satisfactory considering the diffi-
culti- of such mneasurements.

BENDING STRESS NIFASURENMENTS

Theinew~rnietsof the vibratin. bending

reete sspecial problem as no measuring de-
viec was availehle for recorditng rapidly changing
strains tip to a strain chuatging, velocity of 200
(-p., Mteasurem'ents were Iniade with wire straiii
s~ge at tile samne locations as for the axial static

.4 stntvitl fo, r :s re.t w..! f..r I..i-it. mtidi labI~~ii tthe, out put sim plifier of lthe indicator. The

%Lith wire ttraisit glipes closte to lthe fastenins!

Tlhe autne hire c~ o lxiealiirationi. Ioint indicated thes strain. Oril the fr-e eild of lthe

Sititlthe %aire -.4traiii icages. in pilace. wsvis also ts",l cantilever heattit a miirr-r wats tteirlied for tile
for uitiiawtritig, flip .&:reis silriltmiltion sander the toirdauretuent or tharen etiselles-tiois.-t TIeP *si .tea
Axiai -xstatic lail. It %ats ph~im lin tile buckel t x i eiietts .u iaeoavinwe It*v meians of a lihewlet-
es~tiia, dei.vie simi ttxia~llv kiasileel thiroughl tile I'markartI sluuliofrequeswv niarilliator connkrete to

'elImtg"r. thke .orraits of A -eirbhAwaL niaeeurell all 11111plifir 01141 a lsmImttg'el sylsteml placed mUnder.
It 1v nats of %%irs. straitn gou"v .stil as, SH .4 strain tieath tliar ,a.,i clame to lthe frve rtaie . 11te mnirror
iislitrator. The latte~r nrstaureitserlta Ihowedl the at the Ire eall of the vibratitig beans %ea lightedl
ixterumatl loadsi of the bucket speitrienia. Thiss mouilt %iths a strolaottaic oprruateil at sapproximiately lthe
IWitts- .4111Ui1.l Io liar intie"nal rrcatioam by Vi !h salint ..atie frokltelarv at thle Vibaratill. bean, Tius It
lorati-dAwn' a,-s- as,.*eass for tliar bcutithtinrti- Thle trsaispairentl oa-l pisa-edt in frontl of lthe %tro-alss-a

iias11-a..urs'd 'Irtrisin inonhinlated In lthe lnatio.161s 1-9ssulIse h irmtua anti reedl witls a telsas-ope rim~.-
Protlitil thrn- rrss- m-ss-tiu astral tirs. esolts t a"ik 14 aitasa,.. a Crola illiark Tle dkstlser Ise we.... liar.
1, *ri T e orrr-ginntdin%:* .trs.w~-t .s-r --nl I Is V morror and tile a-aIs cotusasle.j tile doublsle sai.iel

susilivix tIe aiinahualu.( hof eaitk-sts for 'itats * .,f is dIottia thle m1111,1r rpriorssr"4sl the ia~u~.a

:Is 4n ,1 ltr pIt *rIs~ -tire-a" sair plaiti-til it ttani The'ar *-sures- s( list- coMiparteml mm1isllmhl

9,srvui I.,.l 0% i-1 ni Olit-oviris %irt o the lir roTA viao, %rrYu~I is-hrlsolsr ,Irmashn as( thi. ti-.t



TABIL.EV - .1hnasr,.,,ent of but-kei lensile stresses in thr test ddvice under an axial load

The strain iul t lie dyiamonmeter speci,nen was 290,)< 10-6 in/in.
The cross section area of the ,.eighing bar was 0.305 ill.
Then the load is: 230 X 10 -', " 21.p 1'V 10XY0.305-2,M00 lbs.
The cross section area iof the ki ck e]l :tit the itivasired statiion is 0.37 ini

2 
(2.37 inches from thle tip).

The .vcrate stress at this ncatlion is tmen:
,)6100 ..t= 7- ,(3() pdsi
0.37

Strain in illb, K 10
| -o1tio2 -.---. . Strain average Stress, i ]si| No. ;.I0 i/i

S Iuu I H iml: 2 1Ion 3 ]Hut 4

3 -"70 -45 -150 t- W( 9 ¶3 + 3, 3tW43
I2( M• 105 110 • 130) - 113 -t-4, 100

3 10I5 1643 R 155 -170 1643 + 5.8W)
4 1135 115 3t0( -1I1 •-315 +4,200
5 (1 24 )5 -40( -27 -(_900).

-195 L2Mit) - URIi -200 ' 196 -7, 100
S - 30 . 340( 340 -- 3103 330 + 12, 000

-1-365 -3'0 340 '-320 -L 348 -- 12,600
1( + 3943 170 I(165 . 170 -174 +6,300

The modulus of elasticit v of the W~ickeit w:ks 3l6*.4 1 lt 1i.
*Not included ill Figure 31.

TABLE VI.--Calulation of the internal foc, tinder an mrianl lowd

Small area W.. . 'idth Vouluime I uf Average strebs i Force oin small
. iniches I lie stiall areas ins the sinall ares' area, l1s

63in' lais
ilcle-,' itiche

I lR. 19 ( 3Wt.1. 00732 2., 55 1. 4 --I
2 - 1395 ". 474 .. O0086 4. WlI 43. 6
;1 t, 4741 It. 570i . .110144 1;. 150 Wt4 4
4 It, 3741 It &0W 0. i0320 7. lo0 841
5 it61W 4i 710 .. 11.01360 7,gm 13 308

0 ,310 0U.10R 00313W &,5 4M 130
0 .111101 ) I 90 R3 01 ,1i s, K 143
0I 3.00 1. 0.21 It. . 1 2 I4k OW0 134

19 1. 02 Do 1 .13 ) . . .. It 0 2 140 a, Gm 0 184

S. 320 3.200 05. 43It02320 & 230 392
I 0 " 11,40 ( W02441) 7. 750 S1O

12 1, 40 . . 0 11 02M)3 7.200 1 anCA1 1 2,01 t1".. -W Ik 02021 Ik am 172
It i, 2611t 1. 2815 11, WrlU3 0j. MR) 161,31 I. 2765 . 2W a 5 0W ik tl I. iJ

It1 it 2-51) 1 24U (L 62350 5u ltOW 140
I AM27, IIt 02440 S.4. lT .34 l2W 341. .0 4.450 A(0 340

I•II IOU (190 It 1A A' ;t Z I17t Wm 0A2i It 0i3 II.3 3l 241

.Antalll arm It',,_, _

1333: 2.10 1

~(;fttfhww.ta IvIWk1fttWAgt .15w. ,r~lý6itsIbC.Or- 1,ii mch imllarht

.1w ruit""I~ Gwft m x. -.Ii~v it.. wnnwqpaes~vtl h
3 rrrttfl
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Vt..' RI !a '.tr.- ti~ttnblatol jot.Ior zi cree., -ccIOtion of thr b'ucekt fer axiatl tetmti~tI and, the. determiniation of the centter
44t grovit. fo~r the axial (,)r-.

W.1 * 14r calculated froin lthe deflection an~gle (based
ons the distance of lthe ntirror from the scale). and4' E A" wrii -the stresses were plotted against the recorded

tipiueon the acardiograph ehart.

[III L I~Figure 12. Trhe ireorded strain curve gives thw
frequency to 1:10 cps. fleyond the natural !re-
itueny of the cantilever heti, a lower frequency
iosauperisipc..ed resulting front the loadling pmo
redure "S lte beason was %ibi-ated at it' natural
frequency or clo.;e to it where, it is diffirullt o

hia asa 10. *.ceb~ att ste t arastae,.,t fo maintain a stable excitation. For each step the
calibrtti",average of the asuplitudes over a peni. of 1 10

smr. was evaluated for the determinationi of an
assembly is shown in Figure it). The a.t'ilitude average amplitude.
of the vibrating beam was increased in ic Ind~ %4nev thre alibration ass knows, for the usaiforin
for eacit atep the output signal of thb. n.. -V heam., the meemurint equipmenit could 1* con-
was rocorded on lthe Oa-hai of lite onrillopaph. aserted directly to the strain oares on the burket
Finally, the stremes at tit,- locitmio of lthe gtujrv bsy inserting. %' witrh between the straits indiraltor
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ste maeiI o -alutino II~cýrý"rmj. DII AIM. I

mett 1----- I OCPS/4

be srazl indrl( altenpm ately t~o 'Isaie d firll

Mtraits ;.agf around tile bucket. The reronling
equiPMent ilearnibedl ab'ove representied one chat,.
nel. For more channels several *trains sntliator~s,
including all thme additional trtt equipment, wouldl
have beets n~eemarv. Ila meraswril.g reversI locus-
lion* during a continuous vibratitnus lithe hu~ktt
a "inlatultanSotas recording of all strain, gages was
,lot cnemlial aust, *he rhaann.4 v as satisfactory as
long as the switch did not il'ttwh ;h,- ressanct~e
in the crcruit . 1 hsis wect rhsetiked fosr lthe switch
selected anti tile reisatance was roussal to he smaffi.
cinently low to avoijd diffikulties. 4604g~ fo muaia.

For the dynseamic bendwtt ineasstrinmnts a nais-
rot 'AM att&rhet to lim bus-ket, The Ploicaxia of the deflection %woe tsjwn beforr the %train a
load waK applie aind then thle henchine vibretior, ,erh %Wg was reronde. Figsr.'ý 13 abovra a I ' p-
was intradarvd and the deflecrtion w&% m~asurod is-l serors of this ti-st. Thus thle rsarrs-ation i-
optirallk. losstsoe-aetedfetn i l trfn dif-Iietisn MAd *irs- at eacth '"e~aurod lomu-
the atr-as. ten sAtrain gaige were pl"ace)ne t11. lnon could be iorrutigated,
burke' at tile *otne Ismsaliores &A for the statie ani- Wn he ram- of two points of %psci-al intre I ar-
tamst. keadinga wer" taken sucrw-aively for all ". *w trauluing rdgi of wi- bucket and thei center
t16 gage.. To insuarv that all of litaae C readinits point on thle vomrex %itkloe. Rot! iations show
we-re taken while !!or bo-ket wa* br-ing vibrate-d oossannuni stirva sa*sws s-iet in twuipleteir "--
wsith & crinatant amiplitude. msirror toss reeasihtuts viraiml or in si-nv to asa~iioewas ben.iung TiM-



______________ - for withI a 'oinpletelr revermed strmsa a larger

111111111~~~ niiIItIIiI amount or Penergii rf'misunmd than few zearo to
11111111 II~iIIIIIIIIII eeAxinmume. -ttrrm. However, the failure semma orig-

inmate in tder center, mreesmially for higher k".it if
Vic rlthe vibratory eetri-m ex'erds the highest silois able

load for a given numenber of rvrleee for zers. to miaxi-
met wn stress.

The rperord for the ten locattions around the
rm ertion of the hurkm't are P'aluated hr wie of!~~~I ~ ~tj d~~ ~ '~iagramt in Fi-vgire I!. T'able V'II jithws time

valurst obtained h"r thisi emeasturerement. In lthe

Fiurr II is plot tnfewosetrmc-.wAunii.el brantsa. In
lorder to) get trift' -Mrrmrse for i-italliwme the above
%trefet" an' eeeultipl;r h% the ratio of lthe meoduali
oft roetat.tv for tier twit imaterials:

In Fi.-ure 14 the strms valiam of Table VII are
______________________ laktt ee at their respetire Ioe'ationes perpernahetular

l~ ~ ~t IiII nlthe actual cram s ewtion with the edge as the

L OCA TION %9. Wrln.The full line representis the %tretues for

the dased Wie for the dedectian in the opposite
AMALF/ IUDE: dkwt orn

The curve for thoe wt "s streivert under rcombineed

A VERA GE 1/405m~ iz igtvsa ntesxa'atfrsrer staaue
above, The astrome for th" ram aro Wslim in

a 083.50 Pos/. ;7beVill and in Figairr IS. The p etmatuon

rA Cir in I he mw mane ea e wsexFine for

interesaets for the two dq&'rtiat diriwtitat witl, tlw
CA"e of the -v mt. *t diwer" points, By
4rat wing lews theobeag the rarsvapondiing points.
lthu.e inoe. iamhde an an*l which indwatetst a
toraiossie mmwt of the larke't durinug opoe ietwe
ass was oheerve in the optia de~rtion oteastax-
tuen dealing %ilhration.

Owing the featigtie tests the de.&srtios was
~~ nwsamowd. Thus euesseprepmta" was erajesated i n

stem at the two lo atin n the bw-kit thew
Fea ast hmtuh riwap m~U~Ct2m11 ~ trasketg eedoe a" the resntter can the voatrw. aide,

*a-1W t~e t.-Odl hoht am4I b lb r - wk In h&4 the elsasic rt.iVr the altrms ifrnrreta pWOpwar.

tieealuky to the .ieewton. 7he straem wat esetsi-
wed (Wr a saskarterj 40epirtam of 30 tWuI on the

ralmuatsa folowift a. givens few both rono.i.. I'l r ele.k mh rtioa of the starm sterlng ,eu thr
pendi ng liatr fakIllg... ctetutcutiai for ther ma. fatigue teM rartwyspndung to el44~t e 4ertses
tUqWa thin failut mnay setart at ~rih * -ion. obtainete aed the ostem aeasuared Lr th.. i-aldus.
Cwaeneisllr failvt will begin at tier trail. ?r.* twu had to be equ.Il to the ratio of the dr&rta-wo.



T.~aa~i V1lI. .V.amr~mrat at aitmerv mamiv n~voise.oJ "don lee4 ona.ri

1 tWlon~ \o-. Mrawuza.;,-iPuWhI II~reiby -Ir~ Ihtndiwe~ -t re". Trtw. lhundiuc It# markb
anspliftol .. :11111 Fene.. Iasi r~Avzr.' 1-i- p-'iS

3:1, S 9. fm 36 W2

3 1 %.It) ek 130.4,IS

.4 4& 1; II .061 Ilk Ul ties3
!1 .4 1 *138 Ill -Aso 36 1 '-

10 47 17 Ilk *AN~f) 941mi,

N1r-*ak 16%i M .6%%aldnt ,w~h Chanl Fig, 9.
Tn.. -t rrw-. %.. jtihda., w*& .. I.tai.-! Is.% tv~ .a'tqsz.%IcIh% xlla. 'if"$ hue, rh"a It ah thue fibetae R. V. %1.2x8

T%§Lg 'a~ti. r"6 Sft$M*a. 4..4 a.b 04i .a.-

u~al a al k it. r a~l.. bm4.--

Awe- tomm1 &Rini

2 ,W -Au HIM -3.WS .=8

~( awu a I is WS 1.6

16

.'a aa m ~w* U.~tv 101 NOe -'bstgtI.
-%U I M!~u Qws.uw ith pq 116.1 rt,;it.g 7141aI .. ,ebu~. ~~~

1 ~ OI far 10 3an 1110 an

*Not aeawomilr ta i. I. lImuiwearb tdas

Ili. lbo~ Aans foersau ~ aamr Tewl reu 1 inimwl *m)lw&alwsi

The ~ ~ t~ psuwme paeuvp*fw ic ulhpt

traeImt Ima u3. Inma'u dea too 1 1 ee..t

4W omm weef a -a Ism! inru~tu Tare INw I uwtL.4 ofria sAmalas %u~ w4U4I 1w owam a~tt kw".

1 wetod.o nsemmt~rd Ismw the nvv 111 wa* .6. thr 11wta -oins.a u~ueaaa Alterw Aftvf
~Iama~i jalwu~wi flaralamThevinm rawawa.- .avA a..he r'aglmua rvme.u cxt fivh UW he mif ir

Patqt~t "te't an0 10"liattr Of tPwu lb w remrl ta'.. aevgetwouaof rtkoma o rtlui'Att!cttto"' vm

wr~iaw the4ral~mof tw rektftif6ý. prttwris itTU- tlopm -too~mt,



°l'..nI: IX. 11h ui run.' it dt in, rh.I(,( j for an S,.\'-tigqram a til tulrialfi,r of trj.stc's for the truiing I ' teI; (rill oe the cent'r
at lit I j, rw .r tih uf Il , it.'k I, it (rr itintl sift I t h ensilct tnd rihrah joita I. benditn for•,s at ro.,n an,l ele'.lter n l p ?r .2t tires

Stres.. at

NoI.kt . A'ial Inud. Mirror Number of ilernarks*11), retaidinig,, 'lIrailing edC,,' ('.ntr convex Mcyl.s X 30'
pni - . ide, psi

ii iRoiii temp-rat

I - -I- 29, 000 33, 5r1oo 2. 45 Failu"(,
2 14S 53. 50(m 62, 000 0. 5 Failuw,
-- 2. 6(1) 95 3.1, 40W3 .tO. 0,(3 ON. 35 Failir.

7I. 7(1 27, 5(H) 32:2, () I. XO Faihl.t.
W .O (!¶ 25, 000 29., (0) 5. 5 Failu "e
65 23, 50(0 27, 21M) I3). 0 No failure

T,.jper:ratuwr.. 1360° F.

0,32 21. 5m) :4, 5OI) 9. 1 Nj faiiure
2 2, ('1)()1 31, 500 36, 900) 0. 55 Failure
:1 1.1 34. 1(3( 40,000 33. 9-4 Faihlur
• . 75 3o, 501( 36, 0033 2 13C Failur,

"Temp•nrature, 15263 F.

I .i's 27, 50(X 32, I00 I. 25 Failure.

2. .- 66 27, 00) 32, 100 M). 235 Fi"o !jr,
3 2. 6(0) 62 25. OW)0 V'. 2M0 9. S No failure
.iii ... . ..77 31.323) 35, 40( 1;. 1ai Fiiljrt,

..0 . . . .2• 27. 114M) :14. O t) 0). .335 Faiurt

6. 6....... 1- 26. (W3 30, 23(g 1. 15 Failtire

*• ,,, t.xt for ivik i-i•.iu tf faihlu ,-.

\.900

310 oaO0 .-
-SO("

\uto

iirm3ium 1wi0ding limit ail.hmn , mjwc"lurr
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Ali /#QM APP TMATiA;l 22*0*1/:

j i N CA~J M4Th~/A}15010Y

.30.

- IAVNAEA 4ED.

20.

zr:/ 000 1200- 14M.r i6oo*

Ft- 1k, 17 N*01ttdeOf 0:t .+l.tit-.4 viinl~ium it Iayttue 1.1IHito 211 %.Pau4 temperature.

Fo~r eltelti tempIJeratures& 1-:t-mca' tile mi'lle %ildita of tile length wa~s ieteiniained for lthe two
ettieritt mi tyii lic tlw-Ad tv% for riniII tvititet~t&i ! IrnsetUiture 1.160' F. and 1,526" F. Yd'a is tite

futre to oIctnItk il true~ i stri-s.'e Ikut lthe ". till il- delettction tit naiuto lemaperaturr anti y, thet ota.*

..tf~ghil Ia.t, I. * t11irrtwtth. to~ fizaeto w'iiadt t elevtateti lentilevattarr * this location of tile

atotymut~ lor itio itirmeu~t etiehlln-tpi titf tit, hitiket. lieau,. Thu'4
Thi*~ factor will aot thatiue %or~v iatarl for %tit-
ferftttittI load om the ltrean. For tile priwillred ON y ."Ore*

invftfig'ution this factor wasn ammitettae to te Or Y , "Y

constanit Tile litr i-haulia. (fot~e' oil thu. liiket
CIII.~ ~ ~ ~ ~ ~ ~ ~ ~Trefr art' IIIfl iIWtte ftu.I0taie s.sei for the tnrit strew at tlerateri

Me Parli of tile bentlillg " I act% U16 at maLeloud 10441

h% lthe k.ibnd of "itd jutirovlsattonl tured Therefore. e 14.0

1the fmt'tor 'ANI 'IctertltiflI (o'r a contihevur hu~ftil

,AIth It.enrlha eornrennnifng it) thle testantwv aiere y*& andI y*, ame de'n"I as above andt Y,

btwt iti the root anl live intmi~atieit-t pet-itti of tile nisrawstiml 10fo~rtioh untder viviva~atim .t

lter Intiaul viWkrusaon hwo'' into lthe hu.dki, For Artatrl eit tesperaure.
0-q! ro cnlair~gr Ive"It tI. hel, rr~tion for a eqn1le- With, thio "liaton l!,. $I". valift for 11W twao

load 'it lite frve ensio .kt nX0ent Itolw.Arr as se" A curve* at relerutes Selroptraulnrs were Okltsinesl

as at i4i'taitil teaaapreatttre wa ok dtielmosiml. l Table IV) Tue resul~ting -N eliagatntA virv

rwinp'rioti it kolan it, Fi;tre 1% *Mr rvitiu prcevetedl in Figure 19 anod Fikmre 20. ahich are

v~of tile tuo dhro~itia'ue t alsoi eat lthe niaoeiutre. plotted o tile glam tooiportant prakd ftg. k"I aiohaa
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R11 /.rSIIi! 21 tCMINDWER AP.AL

- TEV3W&N AND SUP! *,MPOcq.O WAIRAONMAL

-p j BfNNP1C IOAD AT ROOM AND ti (VATID

--i .5,Rf&SZJ A7 THsi TRA/LING EDtE.

I Fig.19.

-T-_ -ri 11

10. to 104 CYCLES o1,

Fiuawaz 19. Fatigue pt-4t with Vitallium (Haynes S'ellite 211. Buakets inder axial tension and superimposed vibra-
tional bending load at room and elevated temperatures. Stresms. at the tradling edge.

0 7SOF a 1360F x M26" F

for the center. Probably the apparent loe, is sponds, also to the calculations in Pant I of this
due to the Woi~wing conditions. The stress is report and to the loacation of failures in service
not quite unia.,rial in the, tapered shell and residual insofar as they- occurred fromt the vibration at the
stress conditions exist fronm the casting procedure. fundamental frequency.

The distribution of the stresses over the length Considering the start of a failure .o the fractured
of the bucket is presented in Figure 21. As the section two case bave to be otbjerved. In most
bucket is a tapered cantilever beam, the stresses cases the fatigue failure started at the traiding edge
resulting froin thes static load increasei toward the ninilar to the behavior of the bucket in servce.
free end. Under centrifugal load the tendency- Howveer, int a few case at elevated temperatures
toward increased strew-es is directed to the root the fatigue failure nucleus r-as obs-erved in the
section. Over these stres--es vibrational bending crntssr of the convexs side. The consumied energy
stretises are superimposed correspondent to their at this point is close to or abore the one at the
distribution over the length. The ariation is other critiral location at the trailing edge and
caused by the (a ssectional changes ofthae bucket. would therefore be expected to be the origin of
The maximum stress usay not exceed the fatigue sonte of the failures.
stress of 22.00 psi measured above. Thtin the
point of maximum strem over the length was CONCLUSIONS
dt-etemined to be at a distance of L.OD inches fron'
the root. In the tests fractures occurred at that The fatigue properties of cast vatalhium bucets
location with, a slight deviation in each direction w the J-33 gas turbine engine were irvestigated
for individual buckets The lloeation rang cone- under -4mnulated ser vice conditions, It was neces-
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uratuere tit#- mmp ar A rvd a tir eon-fi tons.r brThe t. beut-it-4i n d ..~~tt -1 clicw i e'ntr of r th r mu ~ -an* of

*-Ouhte m ftnml aet' to Ili fauntann etieene. equilbriu 414f V tn e'

ta h et mt16e nt it- i" ij r & Ot n - niii-f A tttV h -* 0



ances (under simiulated centrifugal loads). Thes!
tolerances should be controlled in such a niannicr
that the designer of new buckets can utilize this
irtforntation in an effort to determiine ;-.le type of
fit With the greatest possible damping and conse-
quently tht. lowest vibrational stresses in the

7 buckets.
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Elevatod Temperature Testing Procedures

Continut's Recording of Time-Deformation Readings During Creep-Rupture
Testing at Temperatures Up to 12000 F

W. HI. RECTOR

Azsm.4cT-A nerme " ofh~ rew( erlin esjt fwotism duu eq-6wp
ruptuare sesuhsg as kinpwaures up so 1200* F is pruusL kis
makdw has swDke ouse" of. (i) owinim" a mI e tinge.
defarmsodas lecord up as fiailwv ctW"!pered me the imefulifmium
ireadings okoiaed vsing the farmer noalmed w mAdc.J (2) WHS~

cwpled aulnb ad smen die ~aknkasn's ow mpqired so
make maruta memsu=M~b7"4. Thu. med M~eY&P cmwsis me
Ifewr the "m. .4 lmaiptsmm q/ the eyepmuma is #Wn-.

1. INTRODUCTION cateti on a inotor driveun counter. which readsi
defomna*ion in 0.00102 inch ineremnents

Thiii report was written to devc-ibe the eqip A Irs spde noc in a standard loere-
inflth um4 tast Iptctdu5 wed in otui a ty'pe crrep-rupture treue is siawr in Figure I
continuous recor-l of tinn-defortueton readinps (jrne runme. wihtraina pp can"o andi
duuing creep-tlpture tests o4 vMAiOUS aio AheM recorthag thrtoeoupke, attached. On the front
ni~st~eril5s atd mtak&-ineW al dfieghe bondled of the t-t fame is shown the pae containiug
speeimnens for time periods fm-n. a few how. up t6e eleetroftuc system for the attain gag opeiration,
to thominads, of hours of test tWoe. Several types deforniuoo con' a iigdvcs
of materials have been tested using this equip- Two time, counitmr we used for accurately r*.

tretbtno descuiption of t"i particular pgceidurr carding test time; oOe a Ohatuuju F, -ter
has bee. previc aska pre ted. calibratedj to med to tho waears i)6 howr whie

a standsrd4 ciock with a mp seconn hand is
11. STRAIN GAGE usedl to indicate the tim in me"e sad mnotr"

he'nw ta~peue own&y use ki ito make dmr..g the initial Loadiag of the test species.
nil in apmuosu'atey twenty inches in krogh by anzd varly Ca" 5 of C.Wf9

one and out quaner inche in width wMta stife I ECORDING EQUIPMENT
inch gop length which an .me half Inch a width.
The emeamn~new is, aittahed to th secme Since the wtain m..s-.ra equipmemit descibed
,Ssp length by niesas of poiaWe staita1-s sawl 40-o-v "aile laboraumry psOAssi 0 Wekl
or high tgeperatut GP.-art: etMs *..'. .- dinp at 'veisa timse. tbhmosgfim the

Tr" deevted towpasture strain appsint as ern- *ii was Nsew iliai a emasidas' It apear't of
pbuyed in th" iwvcdit in of standard deag.. A&. test isiorratis Was being lost am*in

anufacltisd by the ehanIu-lnfts the logts And evr weeltd.wemil viist -
Corp.. Model PSH14. The strain reading a mdv- were of duty. Co.mdersM.e thongbt w .s e



to devising a more %uittable !iteatIs of recordinig IV. ELECTRONIC CONTROL
these test data not only -hairing o~ffdutY hours
hut also autiontaticall ".V therebY relieving latborsm- Ats was mentioned in previous paragraphs, the

tn-,- p~r~rvn-l for other dluties. Several methods cameras land lightieeg were of aircraft type which

of automatic recoruijiag wer ivirs-stigat.'.. were originally designed for airborne use for opera.

A decision wats renched to automaiiittally photo. tion cit a 24 volt DC power supply. Therefore, it

graph the mstri- eouw.er mid little mtem. at PT. WAS necessary to obtain a 24 rolt D)C supply for

determtinedlpaul throughout the dany Several this operation. Since it was found that each

miethods of photographting the diffeenut meuters camera und its lighting required 7 to 9 amperes

we're studetli anid tile fillil sollstietmi was obmtainted for one quarter second timte interval, it was con-

by r.-amiping motion picture. camameras for sigle- cludmed that the imost satisfactory voltaloe supply

frame exposure operwmtiuin. A Standlard Aircraft coidil be obtained by using a 24 volt storage

Bomib Spotting C'aamera,, which is a :15 ufilm. batterY. The use of anl AC-DC voltage rectifier

mnotion pi. ture camera with a s!:,:tter speed1 of was3 contemplatod, but due to high amperage

,ý. of a serunid was mioulifiedl for this particular reqtuiremnents per unit, thle capam ity and **xe of the

task. The miotion picture d1rire assembly wa rectifier required were prohibitively large.

remmauved andi replarted by a specially designed A control punel for the cameras' operation
tandem solenoid ithaim.was designed and fabricated for control of fifteen

The solenoid miechaniism t-rvts a twofold pur- CaIII'I5 stations. It was designed usning two

pose: first. it actuates thle camiera shutter and timinilg mnits, one for short time periods and the

seond,. as thle shutter rloses,. a ws'conel solenoid other for long time periods. Thesw timing units

drives a clutch, whiche itt turn nolvaitecs thle filait to are of the tantdemt recycling type; that is, each

the ra'xt fraimie. The camtera holds 100 feet of untit is mtade up of two thners, so designed as

film, with 16 exposurr4 to thle foot. which in most to eniable two operations to be completed in

instances will record an entire creep-rupture test. eact cycle. One titmer of each unit contial the
Ai:2.5 13 a . lens is useet with the camera itral betweent photographic exposures while

which covers a r,.Lativelv wide a. ft andi tas a focal thme 't-Ind tinter of each unit controls the time
lenth f aproiiaatcy oe fot.Thi alowsthe of the photographic exposures.

camucra tofh apoxliaced v cose toothe te hstfasite.therb The two timing units installed in the controi

not taking up sittle space in front oi the teat panelC entable a variety of tone intervals to be
fram. Te eittrs s iicuitedon op f a,~- selcited depending upon the particular test bieig

inch pipe whtich in turn is wounited rigy to the mondurted. One tinteri Wafo 0-3 minutes opers-

dloor to irevent the rmmue- 'from ooving while in tion and other is for 0-40 mnutes. Te second

operation. Origintally a hr:urkt wasn mounted one or operational timer in each unit ia a 0 to 5

the trst tile for Nl~ocing tit. camera but this socot1ikll tinter and is set for X~ of a second operatimn.

proved 4 artory, iiner e- .rgiming the eaner* Earh of the timers centr" the holding coils of

vibrated the, s t fra~nt, wltwh inturn tranartitet Go amtpere auxdiiar reays which in two coeteuol
thme vibration to tht, L-ratn gage "ausing faW the dfirret crirart mourre for the Comer"as see
immatotu to be rerurtleel v -1the oerailt countter. lam Ps, A double pole, do"bl throw. center

A camerat unit as shown in Figure 2 illustratingr postition -or'. teule switch is located itn th*
its iocaticht. on the pip.' standl ard its ioration with pantel for o"s cater, unit. This type switch

grsetto the toating frame. enables the operator to connect th. manerts to
In Wite e0iUia*Oi M V"asa ither Of the two tandem reevchiag tmuter or

the strain Counter anti tiinte oteter. two ttW ;MV it in the 'I.Ar poeition when not in use.

eattde power. 24 volt DV. airveaft lending IW11.e it Ithts ast- tW op and bottomn of suh swrith
ajetnunmd n te amea.one light is m'nuntrel t whlel ichwd titmer is beinag used by tiat unit.

three in'4te above anti tile other thnve inch'so Intalaed mn Lhe ;oW 6aM at the Mot.,l pMan
below the cernter line at the casnm Ions. rTh ame a battery chasrgerr two 24 volt storage hateines
Incas...t of theoe lights in allown in Figure 2. and auxiliry swtches Thin section in wired we
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permiiit tthe tise of either butt erY i~s ta voltiage in tests of shorter duration where creep is acceler-
st11)plY wlhile thev other is being re-charged or itted dui- to the applicattioni of higher strnsss thus
hoth hi ttleries mitv be used tit 0111' I I erteh requiiring manual readings to be taken almoit
permitting lit tle drain oii eithter baltoIry. contmiiously. Thle loss of (lata during off duty'

Lociateii ait the buls(- ;J t ''nir is an hours would *'lso he minre significant in the short&r
a liixiliir 'v swi t ch whic n ettrmits manuihi at opera tion tests.
of the eainiierit andl 11,itinig. This eiimiluls thei. The photographiv method of recording test dat.a
operator to chieek the functtion of thle uii t latnd is highlyi beneficial in many ways. It (1) provido-s
:ntds in loading thet film, it perlitinent test record, (2) allows skilled persoti.

FAgure 3 --hiows it p)hotograp~ih of the ronitro iivne who were formerly taking manual readings to
pantiel with variousz sectiows indicated. bie free to acconiplish other tasks, and (3) provid.'s

for reading of completed test filmns by A'erical
V. TEST D)ATA ANDIC (:1 VES help. FormerlY the manual readings w'ere taken

All lest tAmlt a re r,-coruled onl East imn Nigait, 1)e ' qualified engineering personnel ulue to the
Supm-r XX .ii~ *~d process tije vlopi-t. lProveeseut tcvtirii,' and other reqtwaetinents which were
film ti real.!b liinieis of at inivril~ill i readl lr wi ess'n t hul iii obtaining the readinggs. It has been
the dmia rei'ortltei for eitcht fritmte. Trtt.' tiltat r~ound that since this method of recording has
olit a met froi lithist'w renatl ii ig arruedhtc for IhIv been em iployed at saving of approximately 75 per-
plotting of tiinle-Adefornn'at ion curves Sthown in c-mt lai m1an hours has been attained.

eilt 4 i hit Photograph enilargementt of au sitngle'
frame of 33 aiim. te, filin showing thet strain
counter and timers.

SUMMARY

Two tinte-delormnation -'urves azv shown in
Figure 5, one of which was produced from readingitis 1sM
tuken IN% ptwrsoiwtel during the normal tight hour
muork period while the second war prodluced front
data obtained fronm a regular test film. This
viearl.% shows that a continuous type of weording

isnecessary to obtain a reliable tizue-defoinnatioti
cur% e. As shown by the cure plotted by manual
readings it is difficub't to determine where the final
stage of creep really started while the setcond eurve
clearly defines all tho, deformnation orvurring in the
test specimen. The diff erenct is more pronounced Vint as 4. Sinhlet Imme. tAHAOtOgr a'1 imt KIMi.
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Quantitative Analysis of Elastomers Through
the Infrared Spectra of Their Pyrolyzates

F. F. BENTLEY
G. RAPPAPORT

A~s= tcr-.4 semiqmenti~aru me"ho is dewscibed for determining
pahiume blends and co-pol,.er runeos from the infrared spectra of
"her p~7ofaersidisOIL.P. The methduvsfetalished Ihroug
she mme-.-is of pleenadie resin blends in liunaAV rubber. and by
deorminiw4! she pemeu.pe 6wrrionitrile in busadirme orrvonitriie

T6 ad described hfen pefn.its she semiqsaantimar-analysis
of Hiin N pheevdje resin blend!. Khickb Iwause f ther ph.siral
s-. ran" be andli~ed 6% cmrnmuioeal mead.ei. It also makes
it possible so estumaee the amount of noncombustible materials in
thes,. peliwvs. The amehod is based an the p.ývrozas terniqme
combined onth sion Jwd infrared .puantiatoir pnwredures.

INTRODUCTION p~mlysis products wer- obtainable. Thewe prod-
uctsjave di *1inet and reproducible infrare4

Infrared methoads have' been worke'd-)ut for Ohe spectra. This fact l-ed to tlw developnient of a
qumanttatire azualysei of polymer blends and co- oeni~quanttitativen method for thi saialrets of Buns,

poirer ttwmhr oiwr i ~t'witi Tese N pheflcli4 rvan blends through the infrared
method. arr bawd on thr fart thal the' pJkrniers spectra of their py-rolrzateft. The merthrd is
will divioir. in orputir solvents sand can be pn- based on th. pyrol " yis technique. conttned witli
pased free of etwitpounding ingredients o :ipt 't ; fe standard infrared quaantitative puroedures.
groee Wnvt~tgotions Pvtol%'sis products of servJiuknwn blends or

Runs-N phewo'i nvun blends cramaot be an- But&iN. phernnlir train were prepared and a
alrwd by everentional methods beraise of their working curve fow the esttLiiation of unknowni
piyukaraimake-up- Runs-N phenolic rm.n blend b'njds wax established. The raliitv of the

vtr found to conatin phenolic moan and aD of tbe srnaqUa. -tatire pyrolysis techbnique was forth. r
PolYW bl60d did rut dimolse Wn ..daChIJ4- mtabliawql by drwtennin 11wth perrentage aerylo-
heecAo. the msoleot c~enoeil end rpl-yrd to r~it rile in 1"wa-N elsonr.The actryonitril.,
dinsled vukaaamd~ rubbers. The use (f stAnd rontent of Buns-N elsatoners r-an be deteruninr I
md PrOV04duma for the qu&atitatire kaiahm Of byhir "Immial method and was onl Mu~d
the polymaer bleed is thus pinewent. to demntnrat'ue the gem es] applicabilitr of tte

.Ie um, of the infrared spectra of p~rolyzatra anquantit*" r pyrolyis. method.
(dtioklfta' for the qusltatire asialruai it Coplex It is Paot zy noteworthr that the Plostometi'
ols"nt materials wag de"Hcwatroted by Iirm - ' ran b, ,ep d from carbon black and tnoranic
Krwe and Walare (2Y They showed that unique maeviiak in thie rubber, waring a clean rymdue-
and rrpiodwilie. althot~h umloutatdly compiex. Th.- we idur fromt the py-rolysis of serea Bomna-

004s o -4--a5



N phenoiic resin blends, containing known
amounts of noncombustibic materials, was col-
lected and weighed to determine if the noncom-
bustible ingredients could be analyzed along with
the elastomer.

Although the results were somewhat high in
each sample, d"e to a slight charring of the elas-
tomer, the diffi. ences between tle calculated aid
measured values wern fairly constant. The py-
rolysis techrnique, therefore, provides a semiquan-
titAttve method of determining the amount of
material together with the elastomer. Further-
miore, the teclmique isolates the inorganic |ncterials
from rubber in a form particularly suitable for
spectrographic and X-ray analysis.

Apart from the longer time required to prepare
the pyrolyzates the method discussed here apnears
to have several advantages from a qualitative
aspect. These advantages are described in Ap-
pendix I.

Section 1.

SEMIQUANTITATIVE ANALYSIS OF
BUNA.N PHENOLIC RESIN BLENDS
AND CO.POLYMER RATIOS

APPARATUS:

Baird infrared Recording Spectrophotoweter,
Model B. Sargent Micro Furnace, Combustion
Assembly, Zimmerli Gage, and a Duo-Seal Vac-
uum Pump. The pyrolysis was performed in a
con.bustion assembly capecially constructed for
this investigation. The dinmensions of the com.-
bustion assembly are probably not critical. It
was designed to allow reproducible conditions of
pyrtl)imy that i., uiluvuuhI, ,mure important for
quan'itative studies than for qualitative analysis.
No detailed investigations were made on the effect
of varied pyrolysis conditions on the composition
of the p;"rolyzates. An attempt w•s made to
duplicate the initial pressure, time, and tempera-
ture conditions for the preparation of each pyroly-
sate. The assembly and apparatus used to pre-
pare the pyrolyzatEs are shown in Figures 1,
2 and 3.

FRoas I. CombuAtion Apparttus-dismantkld.
A. Combustion t..be

B. Combustion aawmmbl)
C. Reveliing faah
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CHEMICALS:

Chlorcfonr, Octagon Process, Inc. USP Grade-
Acetone, Eastman Kodak l'roduet "white label"
quality. Both chemicals were used directly from
the bottle without further purification. Dry ice
was used in a cold trap in the preparation of the
pyrolyzates.

PROCEDURE:

A two granm sample of rubber was placed in the
combustion tube (Fig. ia), and the combustion ap-
paratus assembled as shown in Figure 2. The
combustirun tube was placed in the furnace, the
receiving flask (Fig. !c) covered w';h dry ice, and
the open end of the combustion assembly con.
nected to the vacuum pump. The oth6r tube of
the assembly was connected to a Zimmerli Gage
to record the pressure during the pyrolysis. The
completely aseimbled apparttL4 is shown in
Figure 3.

The pressure in the system was red-iced to 2
min of Hg., the f-jrnar turned on, and the sainple
"heated to a temperature of 540 to 580' C. This
required about 15 minutes when the furnace was
operated at 110 volts.

The pyrolysis pr-.ducts which formed were
present in the dry ice trap and in the receiving
tube leading to it. They were washed out with
a 30-70 percent blend of acetone and chloroform.
AU the washings were combined and the solvent
evaporated under identical conditions for each
sample. The resulting tar-like pyrolyzate was
placed between rocksalt plates using a 0.05 1mm.
spav.r and the infrared spectra recorded on a
Baird Model B Spectrophotonmeter. The spectra
of the B a.X-N polymers blended with 0-33 per-
cent phenolie resins are shown in Figures 4 and 5.
Absorption bands rharacteziatic of a CN linkage
in cured Bun&-N eLastonets with known amounts
of acrylonitrile, are saown in Figure 6.

COMPUTATION OF DATA AND
RESULTS

The method used for preparing the working
curvot for dr'tennining the phnoiic resin eonwat 4(
Buna-N phenolic resin N-nd was that employ, d
by Dinsmore and ,inuith (3). It was dightly
modified by using baw-lin, absooganc ratra.
This was d o minimize errors dne to the in-
ability of r _u•rng sampe thikneaie ing
demountab! Ua The !i)m lne techniu• e was

Fiovsu 2. Aasomh). combIuos appamiul. used to circuriivrnt po.ihle orozi due to the
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WAVE NUMBERS TADLE I.-Abs( uance ratioa and ;ercentages of phenolic
5000 4000 30vO 7rO0 20vO resin bknds in Buna-.N rubber

0C T F Percent ,bsorb- Absorb- Absorb- Cali-

8ample ! phe- anee of &nee of nee bration
No. nolic 2.95 4.48 ratio curve

go- -__ _"-resin band band

SI -------- 0 0. 13.1 0.6(•4 0.2,8 Fig. 8
2-------- -0 0. 179 0. 0.322 Fig. 8

S3 -------- 0 0.324 -006 0.322 Fig.8
4 --------- -5.5 0. 198 0.301 0 658 Fig. 8
-- .. 9.1 1 0.238 0. 260 0.915 Fig.8

z ....... 1--------17 0.359 0. 2 1.440 Fig. 8
1 0 0. 127 0. 23 0, 4C5 Fig. 9S----------0 1 0.105 0.249 0.422 Fig.9

" . ... 10-------- 5.55 0.228 0.3967 0. 780 Fig.9
S. ------- -5.5 0232 0 .377 0.615 ig.Sil -------. . 1 0. 1,w o. 230 0. 710 Fig.9

V6 - T12 ........ 9. 1 0.158 0.224 0.7(3 Fig. 9
1 3 - ------- 1 6 . 7 0 . 3 7 3 0 3 4 4 1 . 0 i F ig . 9

20 ______ 14 ....... 16.7 0. 3. kl 0.350 1. 0 Fig. 9
15 ------- 33. 3 0. 532 0.240 2.22 Fig. 9"16 ------ 33.3 0.544 0.232 2.34 Fig.9

. . .- "--~ - X 0. 308 0. 168 1.84 Fig. 9
1--------- -0.321 0. 176 1.8U Fig. 9

2 34 5
WAVE LENGTH None of the calibration curves prepared for

FIREthe Buna-N oenolic rein blends erminatd at

.Pyrolyte urcontaining the origin of the coordinates, but rather at an
A--19%; B-27.5%; C-35% acrylonitrile. absorbance reading of 0.3 to 0.5. The int.,rcept

ratios of the two bands used i:n plotting the (ali- indi,'ated the presence of absorption in the 2.9
bration curves. -nicron region in the Buna-N elastomers not

The rbsorbence of the bands it 2.95 and 4.48 blended wth phenolic resins, which is, nideed,
microns was computed accord.ig to the formula observed in the spectra of Buna-N rubber

presented in Figure 5 A.
SI An absorption band at 4.48 microns, character-
A istik of a nitrile linkage, present in Buna-N poly-

mers contairing appromimately 19, 27.5 and 35
The absorbance values and the percent phenolic percent acryvonitrile was used to construtd a work-
resin bkads for the samples analyzed are shown ing curve to determine the percentage scryloni-
in Table I. The plot of die albsorbance ratios of trile in awrvlonitrile butadiene cc-polymers The
these bands, computed by the formula sl-Aorbunce values for the 4.48 rnicro.n blend com-

Absorbaice of the 2.95 micron band puted by the base-line technique, together with
P=A"bsor-b-anceof tile 4.48 micron band the known percentage range of acrylonitrile inthe Bins-N elastemers used in this determina-

agai4ist the percent phenolic resin blends are pre- tion are shown in Table 11. A plot of the aobeoib-
sentad graphically in Figures 7 and 8. ance at 4.48 tiicrons versus acrx-:onitrile content

The plot in Figure 7 constitutes the cshbration of Bunsa- elastomers is shown in Figurv 9.
curve for Bann-N nolymers blended with 0 .o TABLr 11.---Aboonbaf ratos and pimeq•as of MAe arrgp-
16 percent phenolic resins. A fairl) atraight lip- cnsrif eonluent in badadien-arrylfoxirile c€j-pillpfr

relationship was obtained for this set of data in r, r-
the range shown. With higher percer.tages of of se anew ofsample l'yP of W_ a- rylo- Port t 4.48
phenolie resins in Bunt-.N rubber a straight line No. tonwer - itrfle of M 4.4n
relationship is no !ong-r observed. Tho working ifwen aory,.- tand
curve prepared from the spectra of Buns,-N po ly- _ ......
mere blended with 0 to 33 peroent phenolic resins
i.o shown in Figure 8. A similarcurve was obtatied 2 P.racril 26 -.... :A,-29 2T. 5 & 337
from the spettrt. o. the same pyrulysate. recorded 3 .... ..... Pracril135 .... 35 35 0 810
on a Model 21, Perkir-Elmer Spectrophotometer. " ....... _
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Fitab . rp + of aorart' f44 icri hrtvru ec~tartntiei uaNrbe

DlSLSl~NOFRI.~l' fre byles tanonepecen. he cerar o

th meho istfcusdpndr nteueo

Th qrp f:emmnsrmesta omm~ cut s'iial d'nia oymr n opudn

th omoictii 9f Graph thf p~olmrbnt ofnd 4.8moand Theru normina vaeluntie ofl aeuinitNrubberneto

hISCUSO Oee REiULn toe eblyt tleaurvo te ns than workne pecuent show incFiurac of
quanti~~~~~~~ahive~il rmut.O~rsiu o h cat neatho iase the aoerase, valepd for the nWorfa

Tis ofepoints deons t~wrking turae fol r Buns-N4 rstange y ofaelnfitrle content wad copused.Tisg
Miden-olr rlesn bl*vends makqesi appea-rothat the caibraitio n cure appearsn and least bdenutdfo ten

the colw resin onte of b oth bh plme ends ann Tbe tsi- id ntify na voueral lue aNplmr of vary-trecotnto

mjnniatewith± rersults in tht 0-33 perf t cantrang. ]it nriea conetient avera itge nmia value N thnorml

All unkno%%n sample of vulciunized Bura-N phe. acr bunitt ile conit. 'ted as standards in plotting
nolic resin blend wast ana', zed by this method on tile %%orking vurvr acrv lonit rile content in the
a Baird Infrared Spertrophiwtmeter and a Perkin- Imitadiene co-pol '%. votn b'l estiumated withlin ± 3
Hlner Model 21 Spectrophotonietcr. Tile results pe'rcent in thme is to 40 pwierirt range- The accu-
of thewe anabl iws for thle phenolic resin content dif- racy of the method destribled does niot comlpare
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favorably with that of existing methods for the 2.7 to 3.9 percent. The average value of the

quantitative analysis of polymers. Its advantage differences in the measured and calculated ash

lies in its application to systems which cannot be content was 3.2 percent. Although tile results

handled by existing methods alid in its speed and were somewhat high in each came, the !~onsistency

convenience in determuining seiniquantitative re- of the values permits the use of a factor so that a

sults which are often sufficient for the use of rubber semiquantitative estimation of the non ombuoti-

compounders. ble material in the rubber can be adequately made.
Although the technique does not compare favor-

Section 2. ably with existing inethods of analyzing non-

SEMIUAN ITAIVEDETERMINA- combustible materials in cured and compounded
SEMIQ ANTITTIVEelastomers quantitatively, its advantase lies in

TION OF THE NONCOMBUSTIBLE the speed and convenience of deterx.ining the

MATERIALS IN BUNA N..PHENOLIC residue simultaneously with polymer blends or

RESIN BLENDS co-polymer ratios.

A quantitative analysis of the noncombustible Section 3.
materiol was cornduvted on several of the phenolic
blended Buna-N rubber samples to establish the CONCLUSIONS
poesability of determining the ash content along
with the elastomer. In the samples analyzed the A samiquantitative method of dt.:ermining

residue remaining in the combustion tube was polymeric blends and co-polymner ratios in elasto-

transferred to acontaine.- and weighed. Inasmuch mers by the ;nfrared spectra of their pyrolyzates

as the residue of the carbon black and inorganic has been established. The applicability of the

materials retained the ahape of the original rubber technique was established through the analysis of

sample, it was easily removed by gently tapping blends of phenolic resins in Bun&-N rubber, and

the combustion tube. rhe results of thiese anal- by determining the percentage acrylonitrile in

yues are shown in Table 111. butadiene acrylonitrile co-polymers.
Although no exhaustive study was made to

TADNL III.- f?.auLlaof 0 0 anaelpi of Oe revidiu. in Bunao- evaluate the accuracy of the quantitative result.,
N Phuslw rein b*ads the sacttering of points on the working curve for

Calcu- Wt. per- Buns-N phenolic resin blends indicates that the

Sample No. lated wt. ceut resi- Dilfervoce phienolic resin content can be estimated within

= rcent due found + ±2 percent within the 0-33 percent range in-
rsdue - vestigated. The calibration curve for the deter-

........ .. 4.9 3.9 & 0 mination of acrylonituile in butadiene co-polymers

2. -M--------------.40. 0 4& 6 3.6 ",pears at leasnt adequate for the differentiation
3. -W......... ---- 3e 1 41.0 2-9 of comimercial Buna-N co-polyiners of varying
449-0----------------311 40L 6 2.7
5. -XL --------------- U3.& 37.1 & 3 nitrle content.
6. -XL.- -I. 33.7 & 9 A aerniquantitative method of determining the
luknown:::::: (16 4. noncosubusible materials in Buna-N rubber

~. . ~simultaneously with the phenolic blends and on-
% Residue- Wt. of Paiue x 10 - 3. T polymer ratios was also perfected. By using a

Wt. t kuir~rMf6 ctor the total noncombustible material can be

The weight percent of the noncombustible estimated within ± 3 percent.

avsidue found in each deternination was some- Conducting the py rolysis under reduced pressure

what higher than the calculated values. This and with controlled temperatures gives a more

was expected, inasmuch " a small amount of reproducible pyrolyzate, with less cliLzring than

charring oc,,ured in the combustion tube, partic- thase prepared at atmospheric conditio~ns using a

ularly at the ground glass connections, during Bunsen h-- nor. The technique used h..to partially

pyrolysis of the sample. (If the six Buna-N separat %e phenolic resin from the Bun&-%

phenolie resin blends determined the deviation in rubber -, ittinig a more effective identification

the diffsrences of the calculated and ineasured of the .,.~..viduel corstitutents 4n the elastomer,

percentages of non xomlustible ash ranged from The technique isolates the inorganic materials
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Irom rubber in R form particularly suitable for from the noncombustible residue, and in many
spectrographic and X-ray analysis. instances, partially separated into individual

constituents. The technique, therefore, allows

BIBLIOGRAPHY the identification of the 3rganic constituenL;
present in the mixture. Pyrolyzates of Buns.-
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i. ,. •:7 a.ddition to carbon black and inorganic filk-rs,

a variety of organic constituents might be sufli-

APPENDIX I ciently separated to allow their identification ir
one operation. Under conditions of reduced

Advantages of Preparing Pvrolysis Products pressure and lower temperature a more repro-

Under Controlled Conditions for Qualita- ducible pyrolyzate with les cracking or breaking

tive Analysis down of the polymers into lower molecular weight
components appoars possible. Although more

The technique of preparing pyrolyzates under tinte is required to prepare the pyrolyzates under

controlled conditions is important in the qualita- controlled conditions tho partial separation of

tive analysis of t omninerial mixtures and polymer the organic nmaterials with less charring makes

blends because the organic materials, are removed this tehnique *%ttractive from a qualitative aspect
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An Electrical Conductance Test Method
For Measuring Corrosion

D. ROLLER

PURiiPO SE ~ hatve been found niost convenient because oi their
greatevr sensitivity and ease of mathematical cal-

To iavestfigate ,asesiivi, i tes't niiit lan for d *ter- cu'tiktini Other' possible types of specimens
minning tlt- ratte andl aim mum .t of corm nuomi of it could Ille miade fromi long inetal wires or by use of

etlspecimins hnein h easutrmic -onduthe e~tirr IRg mactl deposit ion technmiques. .\fetal Specimens
spee m en ch aie i elctrcal''md ut ilin'. an he placed iii alimost any etivironnient, either

FACTUA DATAin a laboratory or under actual field conditions.
F~cT:AL )ATAThe ntmiesary electrical mneasurenients Lould be

i.rlieoreticallY, the aminount antid rate of cor limade without moving the specimens by use of
rosmon of at inetial call be mcewrmi ined b)y' yimeasuring either imianual or auitommiatie recor-ding equipment.
the change ill electrical conduc alice of the cor- Appenixmi Ill describes I Ii use ofý various metal
roiling spei'.knehi. Since tilt eleetrieca. conlduct- specimeni anti corro~ivp- *'nivironnimnhts possible
alice of at mnetaldo ni~'cds Onl its rosetinl withi this Inmethod.
atreat, a decrease iii thickness or erwa. setional 4. The inethod of miakiiig mieasuremients, either
.trea (if it speciteincm due to corrosion mayv bl nimariuall.y or widh autoimatic recording equipment
evaluated from tlie cormepeonding decrease il was not difficult but the aminoumit of raw data gem'-
cotiductance . M~easuring tilt ratle of corrosion crated was large. To miake reliable conclusions,
of a mnieitad -sprci~ni. by iai easuring the change in proper techniques of experiniental dresig were
electrical conductance lass itianv advanktages over necessiarilY comibined with appropriae statistival
oii;.er niore convemitionial. miethodfs such, weight jiiethiods for evaluating test results. T-cliniques
idsa, gAsoimetric, or visual nittans A discussiomi of experimiental dlesign and the mnethods of

of lthe theorrtical atspects of lthe maethod is found namvialyig experiamenmtal datta used are shown lin
in Appendix 1. Section I Append~ix 1. S.-rtion 2 Apiwndix IV antid V.
itii-cusase% the winirrous, aalvammtits mind lthe 5. To deterrnine with what accuracy and pre-
limlilt, of lipphcairbilit % of lthe clectrical conductance cisiomi corrosion rates could be metasured,. purr
miiethod4 iti comparison withi othier. m-we morivni- waa.tin-siurni ribbon specimens were placed in van-t

ntkorld met bilsd. ous -orro, ', environments. These tests ahowt-d
21. Asesitikll v thi!6 tijit hod depenlds oil iassilg that reproilucihle results could be obtained which

a knoA n amtountl of urun-lut thirnuwja a muil-al agreed %ell with theoiry' anid with results available
specinien. ItameaUrimig the voltage drop .,crns lthe by other techniques. T1 'ese test* are dnesrib if
Special", andi then calculating the cii. luctance. in Appendix 1'.
The nece.awy mlanual or automlatic Mrsrding 6. Further test programs have been initiated ot
eq.-pmilent for mankingt tOlefir neASLresnent* is aidl other rreserch developmenct inrestiga-
described it-, Apprnitix II tiona, Theme prog inekde development 4f

.1Thin riiý4xn si4ecirmiemis lit which lthe widihll sintabie inhahitorsa I imiing nitric arcid, develop-
pro~.otinatelty --ryrinmch larger than thickness ment ,: new surface trestments for magnesium

*laiaQ a---a 3



alloys, and determining the effect, of humidity on, as shown below where C=Cond actance; L, .:nd A
the corrosion rate of metals. These future pro- are the
grams are discussed in Appendix VI, Sections 1,
2, and 3. pL

7. A literature survey indicated that previously
a number of investigators have used this principle metal's length and cross sectional area respectively;
for the solution of specia problems in corrosion and p is the resistivity, a constant dependert only
research. Apr ndix VII coatelins a bibliography on the metal and temperature. For simplicity of
of technical articles describir.g previous invcstiga- calculation, a metal specimer is used such that its
tions in which corrosion rate studies were muAdc by length is very much greater than its width or
observing the change in electrical conductance of thickness, i.e., a ribbon. • At any fixed tempera-
the specimen. ture anti using a ribbon specimen (assuming length

to be constant)CONCLUSIONS
C I

1. Both theoretically and in practice, measuring -- =Constant (2)
the rate of uniform corrosion of a metal specimen ItP

by measuring the change in conductance of the Differentiating this equation with rmpect to time
specimen will give results of practical significance. (t) gives the following equation
The primary advantages of this method over older,

more conventional, methods of measuring corro- (CdA AdC
sion are numerous. WIien measurements are made 7Ft dt
specimen cleaning is unnecessary; it can be used At
in any corrosive environment; and mcasurements
are simple, rapid, and precise when corrosion is which when rearranged shows the relationship

generally uniform. The method is particularly between the change in cross-sectional area with

adaptable to classifying similar media or metals time as a function of change in conductance with

according to their relative corroeivities or corrosion time
resistance. dA A d(' (4)

2. Statibtical analysis of initial tests as described dt -' d(

in Appendix V showed that results obtained by It should be noted that the ratio of (A/C) is a
this method were comparable to results obtained
by other, more conventional, corrosion methods. constant and does not vary with time. For a
The equipment used in these tests can accurately dtetal specimen in thro for of s long ribbon,measure the -hange in conductance of the imetal SAd.-/, rthe reduction in crt-..ctional area with
specimens. ti:,e is, by definition, the rate of corrosion of the

metal. On integration, Equation 4 shows that a

RECOMNM EN0)ATIONS straight line relationship should exist between log

The Materials Laboratory, l)irectorate of Re- conductance and log amre. The o ftrease in crow-

search (WCRTII-3), will make further study of
the application of this method to mieasuring cor- Co-- i . .
rouion rates as nmtlincd in Appndix VI. (10ress in arcs . -Xlo tin inches)' (5)

APPENDIX I The relationsh;ips determined above cau be used
to measure the decrease in uniform thickne by

Section 1. corrosion by assuming the ribbon width to be
constant. By similar cakulations it is dis pos-

The electrical conductance method for nacasur- iuble to Matw weight lsa antd change in conduct-
ing the amount and rate of corrision of a metal .norof corroding ,netadspecimen The eime
utilize• the fact that metals and alloys have. in ris t is pro•"rod nal to its dimemions she sc .
general, much higlher specific electrical conduct-
ance than their corrosion produtet, The eletrinal W.ig4 Dentyv) -. (L \ li"". Ti (61
conductanoe of any metal or alloy. at any fixed
teimperature. is a function of its lhrce dinsensione W. asnt T arc thf spitnm•ens thre dimensions sd
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D is the inetal'e density, a constant depending Because the .eaction mechanisms associated
only onl the nietal and its temnperature. with corrosion tire ccomp!ex xand because of the.

,Solving for the tirea A, substituting in Equaa- diverse envixtaimiental conditions that nitay be
tion L., and canceling, mnet, there are mianiy inter-related ftictors of

importance in determining the reproducibility
Wegt (7) and accuracy of experimentally determined cor-

Weightrosion rates. InI general, these factors involve

'ig the metal surface, the corrosive environment,
where K= ;x1 ,,in aippropriate unit,;. Uin andu the method of measuring conaltion. The

best umethod is the one which elizmiinates or reduces
thle samoe techniques as before, it can Ile shown randomin and uncontrollable errors.
that the change in conductance has a similar Thle electrical conductance mnethod has many

rltositotechange in whcnsso rs eigti 11,l In tile advnantap over other methods used for deter-
chage n tickessor ros setioal tre Tle mining tuniforni corrosion rates. Essntially, it

use of conductance, the reciprocal of resistautie, eliminates thle need to clean or handle the the cot -
has provided anl exact relationship bet weeta rate roding 3pecimnen prior to measuring the alviount of
of corrosion and change inl Conductance w~ith corrosion, thtus reducing a major source of error.
time- Plottedl graphicall 'y, thle change in conlduct- Electrical conductance ineasurentent~s ane anail-
aznce oi a inetal specimeun is directly proportionial ogus to "electrical weighing", that is, they aure
to its chang, in thicknests andic its change ill Weight, sensitive only t- the amount of metal which -
where as resistance change is 'Ot. If resistance miains uncorroded. The electrical conduoctance
is used in (deriving these equations it is maecessar ' of the metal specintem' is unaffected in monat Ca5
to assumae that tile initial rmsistar.'-", and' thicen'As hY scle dirt, or other corrosion products& Thus,
are equal to tile resistance anid thickneim over thle sample coulid Le placed in almost any corrosive
the tittle Interval inl whaich iieasuretmtiitsd Are' environment, either in the laboratory or und --r
mtade, that is. 01at arrvire conditions; and one need only miteasure the

R.=R, and T.= T, 18 chaange it' electrical conductance with time to d#-
termoine thle corrosion rate. The method a easily

and this is only anl approxinmation, true up to adopted to product it highly sensitive, continuous

about a '20 perernt citange in rnsaatance re orof tile progress of corrosion of a rneta.
If wire specimens were used inl place' of ribbot, specimen in situ. It is particularly adaptable a.

sperintelis. zhe theoretical equetions relating cci'- mnelsuflne VerY low corrosion rates where refn )Yal
rosion and conductance chanige would be similar. of corrusion products tauight introdue7 eror I hc

A problem with wi-u- specimens is providing for elec-rical tt~~inesrtiemets are simple, rapid, and
"potential" amnd "-zrrt" leads %ithout intro- ptecw; they require no apparaltu not - rdinauily

duc-ing uncontrollable errors due to heat treating available.
or cold working of the tartel at the junction The method a best applied a-herv- the c-oemoitn
pointsi. Appendix Ill is a more detaile discus- is reasonably uniforns and free of an e~xrwAive
sion on metal specimens as used in tile 4eectrical number of large pits hi 'las aim true of othe

conductanre method. minthodit, such as wei~tat loss, which quantitatirelY
measure Corrosion rates. U the Specil-ina cor-

Section 2. codes fairly uniformly. the "epwo,4uribeity it, in

There are a number of methods for det-rminiing gt-umuch better than if the attack oorcurn

Cie amount or rate of corroaion of a Ineta1 . eath onlY !!t a fs - discrete points
methAd having its own particular adrontagre and As with Cata from ani lahostat-rY wes. Corisid-
limitations. The major mlethodsi. u~clilding cci'- Prahie caution muom be exero'erA in inierpretiMi
tab qualitative -tide,. are: vis'ual observations. loo results in ter-ms of4 oe-niev perfoetnuncea here .

or ga;. in weight. C"a evolution or alsarwplon. ,-jch a 'nih. rariance in the beharu-r of met-als in
changes in pluri-s! propernes tsuch as tensile different typOs Of Vollirmamewts 11,4t no one 4

srntboptical niethock. and elctricval mrvo- even a-ersal ar4ru aor r- tea can pas-
tire'ts tsuch "s Aecrometric. A~rctrochrtmsal. sthiv bie strictlyr it'll tedl re teeMs of acteal

and eloctricai candictanvo nathods0. sNreie of sich mat"S

is



APPENDIX 11
N le'asurecnen ts usei to deternini ti4'tle cliantge' iii

electrical conduIctanuce of It speci iicen Consist ofI
plassing a kitown tinticncit of current throug!, the
nwetal, lccenAux~icg tile' voltage' drop acrossk ti
spitcicecc-cc ccind ecdccchctneg tile condeuctance usincg
Ohccc's law. 'ý cc icceatscrcco- -crectits required no
atppafratus not ordinizirik~ 'i.cciiaIW iii thit' labors- -

torv. T!--' priiccary parts oi the' circuits ecasisted

of apotelctiocntete'r. it current source', vaeriable' and F
stanidardl .'i-istors. at constantteniperatute bath,

tiiitr.acid juncctioni boards. Figure I is a 7
genceral pictorial dicegraiii of tile ccesasuring cir- L)

cuits,q Figure. 2 is at schernatir drawing of tile actual A

inanual circecits used in this investigaetion; antidF
Figure 3 is a sei~ec.atic drawing of a continuously
recording electrical circuit. Figures 4. S, 6, antl
7 rre pictures of tile equcpcccent andi -pewi-inicen!1 * _____

usftd in this incitial investigationciO(t 
1%WET

(Ccrrerit A-" supplied by a 6 volt. 3rell. ccitii 0 1oI
9. STOAAGE GATT90I

storage' battery which bippearetl to bv a fairly C.AST~a&*D REIeSTOR. 1.00 0IMM

stable cuirret source. Thle aniount of cuerrenit m D, AMMETER

dfetcncinitrd by using a 10t) oluin stancdard re-4stor. 1. VA-1'SL9 RESISTOR
r sptc ugl-k

inciccersed in oil, and cca:c thle roltage drop TWEI MO5 TA?
uLsicig t .1- putentmoc'ir-ter Tilt. current was then V~ KIIvzra iga feet"emia
iterectl% equivalecnt to the voltag~e drop. S-icer tileA 'cwaIdaa~ tcriia icau

acceo'!- of current kt.. to 0i ý rdeitis Iwas uil. Ther teccips-rature rise. I~T which occurs in thethe bntt-,-r ' did not need frequent re.-harrcng. ticetal speciccuen when electriralliv heatedi ga
liowcvre. a separate rechargirig circuit wa" roic-- diejil

.,etedto ie attcy y cce-ns f sctccr'. I a to tile heat in ealories divided by the maom of the
high grade electronwi 6C' voltage source is sil ' -ececaien in., ni, grains times the specific heat of

able. a larg constant resistor n.-Ar 6e Plarcedit 16 the speioc. S, or Tito"e properly. the thernial
"sres with )ie nweiccens. This wruld provide * a paiy o h pccin l.rltosi
I airir stable current source, independent of between temnperature cm. current, and time is
Chang"s in resistance of the spec-itun The ~'"blW
currenit tfn)ni the battery was adjusted by wa or P

a variable Ca~rbon pile resistor. For C"ntnuous V* DOMew
citrasurtrctients a ncirt1 spertnten In a eocioie
fit la ksucb aso beia"4c. ifs placed in the then-io- TacorrteAl cailculations show that ordinarur"
oltaicalli% rr,'latftl 6ath azd twsd as a standard tritipersturvelichatngsco greater than 0, 2S. C'
re cott or In thils Illati#Wt. an 1 fluctuation In abehold ocCUr frini eirciris "l haing efects duci og
toeiperature o wit ciuvi't Vcould ::b CV nepetisate foer tile few WIs'3jS nVedCWA tW take a rVadin)g. Since
wber. rakuhistons wre-z ntawle titet nir~tla, hare a small rvsmytanvrehacege. per

To reduce the poatlcily of elecirically beating trvTe rentitcgridr. the v4,ct of electricAl beattng
the rotta) qpeciuen. the current uard W." usuallyT of the spreeneio should .w wsmal To fArt-her
hell than 0 3S an~perit-a ntbe ceietrccal healing re~duce this aucerr of inro. ditnag a-ch toot.
re~et is the heat in caltocie, d er-opei in a circuit aperitncew aIV plaed* in a laiwe constanet tempera.
byran elcwtric wcurrit of I anipm"e flouing throueh tiL"? both
irvvrtane nf R ohni-a for a !nine. f. amonds. A lAamdo w ;ittlrp Company K-2 potositi-
elated *a. amon brelou oineter was to meafsrw the %roltate drop

Ilenttnc aiol Rl~ scram the stsa....r'd rpujator or the mnetulsprnc
4 is Thus retry &xsitive instrument can winsus With
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..-ra as-t-ru.iy-~ ~.ftbi-aki up to I t. , Uli. I~.ui A~ 4,nall roumtd r~b*- iar. 1? inho n thanteter.

live extei,,aI galatwucIteir ud used to a':j. i a u-vd for ~prwutm tr.'Os The bath EoUld attain
"an balan-ce lictentaolevimetev rim'ut A1 poten- tr--Iwmaturvý of 1410- C antl by uainr a ueni-mtav
isometric crrn-wt wans ustd to rvduc aruY emrw IxturtaUI .rtorL-a tenisperatw-v control of
samwaialtqd with rwrwit contact ircrum'aik points t. r. V I r ould be at Isuitco -'4ecn spirinrhis
By 4&tta'-uiteparstr-e "rww@" and "petential" linda t-sil! 1w placead in thr bath at oeuce. mraourmentim
on a speruIinen and nieasumnt Ioth the rufrrnt and being m nanuaU'r Noanitay. thir 66th SAS
voltage drop awroo the -6perinten. the efflect of an% ua.I~a a hi-1 theorrowimui tncqta was rm"durtire and
rruaaatia- in the rtfrint othn' thai. spevirni rr.4i1 - clirittrv t Amriaufements had to be made b% plea in-
Onte " we.1 i-inrc the %pe~inrwimua in a notmandurt-gtw:mdia

Two roeumant teenipeatits bath-6 arva fo~un-I '.-f rimtetaird fully automatic tectrtnrel vrv"-o-
useful Yhe Iar,.z bath. I% ui~r*i by .A6 mcrbr, ta-- mimptuwnt bao beor a .m~nr artd installed to
insadr CVULd ho.. '10; ,.prutnim- at 646 lttmle sr.- 121ruamvr the rha":y ;" v-1IL-Ta drop of awimets~u
ioujd 6te ron~entertI uw4I for kIn? termn tu.t. -'. in thu- parts-alar coertituvr en~ttrontirtrnt A
wm,11jumrtaoai with the autOntuator rectrteiin- eqtkp. Mannu-.po6.Honlaiie% w 12 poisnt sutomatalirwr'ed-

"Slent Lqtipprd Ulth a~ntftti[w% LP.TTwI.n AM-"ts ira: potert. ..nitre at urn a4 It baa a ranre oý Ir
21".4 thcinuon i-:ator. at u&* repshild of aitta.zi to z nxdaaoslt. aith a W.niutatit~ of 0 1I.n.auhioltL
twanpreuaaurw: usp to 1002 C aith a 144tipirratirr TiPr msrurnent rnwi -Le e~rtnim "-fatmAoriu
e~intfaI of Iw'ter than -t 0is' C' Fair manual ca twelve mtal~s itpiarm.4mi rhamimulta'el
Operatio. u'iprse s acpa ~ 6Wal kmlarfti 1:3 .m-anien a amd anraluea Orv '-al qwfuuern in hens.- brt'

hokldarr attarbeu to abmi le"ds hah wirer sw'e as ttlaudenir rmaiLota It tmiun. rirruitla
ndbaw-ated pernnuueth% to tewa anal bomU and rmi- drsiripuul to iiM-?tS.- Srub~tli of the .n
uc--ted by rJule to a Pu itch be% Thus., lay peow *usvat Im r eiezpie rwuftralewr hO1 e ad-
imathing it ima. pomiabie to sautiro e tie Amirt aal Im"W4n to mesanav th tr-t!*l waim rairb of the
r-osdutwwr- oi "%a spirsnrit in the larre bath tu" prao.aqueoailmna. three tuin", thnI



could be conveniently attached to the current and
notential leads of a specimen.

AP."E.NIIX III

Thearetically, specimens of tiny dlimensi~on for
wliic-!- elecrical condluctance Ii~easuremIents -'an
he mnade could be satisfactorily used with this
methodl. It was con,,enielt to use metal specimiens
in the fiorni of long rib~bons in which thickness wats
proplortionately very intch snialler than width.
rhlis wits done to achieve increased sensi I ivity and
simlplicity of mathemnat ical ealculattion. The lim-
its of application of this imethod arose mostly
from the use of thcse thin specimens, which were
preferably less thadn 0.020 inch thick.

Most metals and alloys may be obtained coam-
inercially ats thin ribbon, sheet, or foil, l'owever,
thme cost of obtaining soiine metail alloys in such
farn: mat be prohibitive. Cast metal specimens
could not be used and the very nature of the speci-
miens made them somewhat fraigile and easily bent.
There is els., the chiance of introducing uncorl-
tiollable errors from the hot or cold rolling, bend-
ing, and cutting of the specimens.

Typical corrosion specimens tised for tCie elec-
trical resi stance method aire shown in Appendix
IT, Figure 7. The specimens were approximately
15-inch by N ink-]i strips with a thicknes.- betw~een
0,.005 land 0.015 inch. slits or "tails" of approxi-
mmately 4 inches fiomi either end served as "po-
tenitial" and "currei,t" leads. By using separate
"6current" andl "potential" leads, the effect of elec-
trical resistance ait the specimen conttact points
wits remuoved. Furthermore the enact dimensions
of the specimens could be measured.. The actual
specimen length was front the point of one juncture

F?1175z 4 (formned by the mneeting of one set of leads) to the
shus of fr peiodadustbleupto two hours other. 'ihierefore when tduplicate specimens were

before repeating the operation. By using at suit- usd erscltoofteith wslmtd
only by the reproducibility of tine electrical read-able can. mechanism, the ins~runient always

stopped anti startedl at the same recording index.
The length of time dluriing and b-tweeii each oper. The widthi and length of the specimens can vary

ittin culdbe acurtel calulaed.A bat .cry over -I widle ranige b~ut the conductaince niust be of

similar to that used with the manual equipment rdeure. ofpmainietshulde whec cut eiheprewithly
was used as a current Fource. At, amnnipter and wsrd pcmn hudb u ihrwt
variable carbon pile resistor were used to adjust jig, scissors, or at sharp k~nife. It wats found best
qualitatively the current. For mobility, time to have at jig which permitted cutting many identi-
recorder anld supplementary equipment were cal specimens. This uniformity between speci-
mounted on wheels in a metal framne. Nine foot "tells faicilitaIte"' electrical nmeasuremtents and
electrical leads were provided for each specimen, ninathmeimimiticitl ( :ai'150fl made between tests.
all twelve specimens being connected in series. To further inst mniformlity, surface cletining of
Small alligator clamps at the end of each lead each specini-ni prior to testing wits accomplished
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by using a chemical cleaning or pickling treatnien. ments mnade in conductive test solutions. A cor-
Abrasives or polishes tire unnecessary for this test rection can be made for the conductivity of the
mnethod. solution cr the specimen .. its holder can be

For experimients ait high tec'ipernture, it wou~ld placed in at nonconducting solution (benizene),
he necessary to deterinine whether cliiingCs in con- electrical mneasurellients made, and the samp~le
(lucttnce iniight have resuiteft f.aom time effect of replaced in Ats corrosive environmw~t, proper
heat treatment instead of froi i the reduction in allowance being immmde for time in the calculations.
specimen thickness (lite to corrosion. Extraneous Other types of test specimens could also be quite
heat treatment effects can be elimninated 1)by immaking useful iii conjunct~o' with this1 method. It should
corrections froim lthe results of at test run, or by be possible to use small diameter wires &.3 speci-
eliminating these effects by annealing thme speci- ineiis and connect ''tails" to act as "potential" and
wmens. Whemre test temmperature3 tire near room.~ "current" leads. rhe ube of mietsl deposition to
temperature, ',his effect can be usually nmeglectedI. furnish ribbons on glass or plastic is also possible.

(Corrosion products are rarely conductive to Such specimens Phould be highly sensitive to smniil
electricity; however, Suchl products would partially amounts of corrosion and could be used as indi-
comnppnsate for thie loss ini conductance of the cotors of coriosive eav;-nmrents such as Ltr

specimnnf (lue to corrosion. In such cioses, as lound in closed contain( At present, the use of
rorumamtioni of somne sulfidle p~rodumcts, it is lik~ly metal deposition techini' are being investigated
dinat at correction factor c-an be obtained and used to determine whether u ~ films up to approxi-
advanitageously. The same is true of mneasure- immately 5(),'O0 A*, ~an Le evenly distributed in
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suitable form on a glass or plastic specimen. In APPENDIX IV
using such specimens, however, caution must he Asre fiiiltssw aet eemn
observed in interpreting restilrq in terms of field Aseisointates 'rmdeodtrie
conditions. tlie applicability of the electrical conductance

Specimetis could he placed inalmost !in co- method. For each test normally four measure-
rosive enviionmnent either in the lab-aratory or in mnents of current and voltage were inade alter-

actal iel cmdiion. or aboatoy cceeraed nately. at any predetermined time. Over long
corrosion tests, specimens could be placed in salt tingiontefralw danta with lownerrotion Fraithislrg
spray cabinets, alternate or total inmmersionm equip- daanm fcawcudataon were gaeneradtedFrmin this
wrnt, humidity cahineto, or other similar ('orro-siv daatacltosr iiet eemn h
environments. For firld tests, samnples in sp~cinien amiount and rate of corrosion of the metal speci-
holders could be placed in any environment where men as outlined in Appendix 1, Section 1. Be-
corrosion occurred. Continuous ureasuremcnts of cause differences between metals, treatments, and
the sample's change in electrical resistance could corrosive envirowvnent' were usually sinal it was
vitlmer be made with portable evuipment in the niecessary to resor statistics to determine if

field or the specimen in its holder could be taken to real differences eN: 0
the laborratory, measuremientsý made, and thie The dlata front vul test was first plotted to
specimnm' returned to iti original ervironunent. 'le'terniine the best fitting straight line. Since
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the mcchanisms of corrosion and film inhibition draw meaningful conclusions, the use of punched
are fundamentally complex, it was expected that card techniques and electronic digital computers

curves of the form was warranted. Onto each card was punched the

a. Conductance=a+b (Time) raw data, and by proper programing. all the

b. Log conductance=a4-b (Time) statistical calculations could be made by the

v. Log conductance-a., b (Log time) computers. Errors introduced by making th,

where "a" is ti, intercept, "b" is the slope of the computations on hand calculators were thus

line and both are calculated constants, would be eliminated.

necessary to obtain good estimates of the rate of A full discussion on the use of statistics in

corrosion as a function of time. Theoretical interpreting data is outside the scope of this
justification for using relationships of this type technical note. Perusal of any standard text-
are found in thfo derivation of equations in tp- book on statistics such as, Statistical MA'toda by

pendix 1, Section 1 and from a knowledge of Snedecor, Statistical Methodsfor Research Workers

reaction kinetics. Straight line relationships were oy Fisher, and Exltrimetal Design by Cochran

necessary in order to statistically compare corro- and Cox is suggested.

sion rates between similar tests. APPENDIX V
Regression analysis presented a unique waay to

determine the best straight line function to fit the Initial tests using the electrical conductance
experimental data. The principal of Least method were made using pure magnesium ribbon
Squares was used to determine the best straight as specimens. Te3t objectives were: 1, to
line to fit the datta with an estimate of the varia- familiarize personnel with the equipment; 2,
tion of the data from the nr.e. The correlation determine performance characteristics of the
constant, r, is a measure of the variation of the method; 3. determine variation within tests and
data from the regression line Assuming positive variations between tests; and 4, to compare
slopes, it can vary from zero to one, where one is results obtained using this method with results
perfect correlation. By determining which func- obtained from similar tests using other methods.
tion of conductance versus time gave the beat Careful analysis of these test results were made
strsigh Impne with the least vuriation of the data using procedures outlined in Appendix IV.
from the line, "b", the slope of the line, the Because of the initial difficulty of obtaining
change of conductance with time could be com- reproducible metal ribbon specimens, readily
puted. Assuming similar specimens dimension- available pure magnesium ribbon was used.
ally, the change in conductance with time is a Obtained commercially in long rolla, the 0.125
direct function of the rate of corrosion. The inch wide ribbon could be easily cut into suitable
variation of "I', the slope of the line, due to the specimens with scissors. A spectrographic analysis
variation of the data from the line can be esti- of the ribbon is shown below.
mated by its variance, sl,. Mg 99.9%

Covariance analysis is a ramification of the Fe 0.04%
analysis of variance developed by Dr. Fisher and Mn 0.047%
his coworkers in the 1920's. Covariance analysis Traces Si, Ca, Cu, Sn, Pb, Ti, Cd.
is mssentiptly the comparison of the variation Variations within the metal ribbon appeared to
between tests with the variance within the tests. be small and this permitted a closer estimate of
The hypothesis to be tested is that the slopes residual error within a test and between duplicate
("b") of the various lines are actually the same tests. Corrosion rates obtained from these initial
and that the differences are due to random error. tests were not strictly comparable to other
These hypotheses ran be tested statistically and corrosion tests made using other methods due to
conclusions drawn irom the results can be made dissimilarity between specimens, i.e., i4e infre-
with a certain nmathematical probability. This quent use of pure magnesium as test specimens.
statistical method was used to analyze data A representative data sheet containinj the raw
obtained by the electrical conductance method. data obtained in 'r M-1 is shown in Figure 8.

Because of the ease with which tests could be The column heade P. refers to the reversing
made, the large amounts of lata generated, and switch positions the manual circuit. The
the number of calculations needed in order to column headed Volts, S.R. and Samp. refer to the
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SPECIMEN: Pure Magnesium Ribbon, 18.0" x 0.125" (lipped in at boiling 20 percent ehroinic acid plus I
x 0.0X)65' with 3" IA'5tl.

'1' R-' TI EN T9 1'ruelvai.ed for It) sceo':tl in aveiv poercti t sil ver* nitria te, wh ich preci pitaites any%
nit rate' soltitioti. ritis'd in distilied %attr. chiloridles p~resent. rhi.. treatmItent pt-eforeiitiall'v

'1,A E t'i'C)N IIT It)N S TIotal Imtmtersion in Anh(lroits rttov!ay roioipoditsonIe peiei
Ben lzene at 25.0O C.rmvd('Ycorso rdcs f h pcmn

IREMNtARtKS: Test to I )tvtrttinin' I'n' -visot mid R~epro - T"he I rentimn lis uised for t hese tests withI pur''
duiiiy(fD ta. S' asr ATA 1lijglVgitfsini Hr- described in Military- Specificatioii

I .\1Il L-M-3 17 I A; Paragraphs 33~.29 and 31.2.8. Tho.

i Time, Temnp S. Volt., Volts ('ondllec.* soluti ion coin posit iotns and operation tused were:

Mins' firs C' 11. S.R. S1111 mbs Acticd Nitrate PicWb

_________Glae'tl c.-tie avid - - - 251 1 ft. oz.
Smiliztim uijitrat' 02,o.

00 0. 0 25. 0 . 20(K30 W 88653 2:3. 841 Wutrtts.'Ialo
115 Hrs - -- - 2 .20702 00188681) 23. X,0 - iterarz' to' m .'aki r........... on~0

14 Mar I '_1(G42 00J8677 23. Wio-s Immenu.rsionime A n..........*pprox. 10 s,
'5 2 .20769 t108018 23. 878

I,271Y29 .0113.50) 23. 871 (hnom,.c A-cidl Pckli,
2 .27201) .011408 23.851

1 27221I 01 1401 23. 876 C'hromic acid................. .24 oz.
2 27221 . 0113914 23. 896 Silver nl rat.-------------1.30oz.

W~ 5 25,.0 1 33131 1-1!u 23. S:134 Wat,-r tn u~'- --------------- I gallon
2 33237 01923" 23. 872 4 pral inw, t.-uil~~ratutr-------------90-21V' F

:133280 013938 23. 877 luunutr'imi time-------------1-15 mitis.
33333 -013956i 23. 88et5II n I2weeiaetoso h

I 3472t; 014547 2 3. 871 TetMAanM2wremdtoswth
2 314747 0 1)455 1 23- 880 corrosion rate of pure miagntesium when totally

I 347M: 0 014556 2:.'; 89f;
2 3 t5995 015082 23. 8164 iiuiiiie~rmed inl atth~-rotis benizetne for periods up

208 0 25. 0 1 360 15 .015'YiiI 23 913 to 7001 hours (30) da~s). Even t houghi it is well
2 .3610301 01 5U88 2'3. 880 kinown that aithvdroiis hetiene will not corrode'

1 36075 .11 1lI - 23. 869
2 .34817 .014577 23. 885 pure nianesucIuit, if uas desired to re-establish thi,
1 34717 . 014574 23. 89687 c using ths sensitive corrosion test as well as to

2 3483 . _1_57 _L)_._88 determinite the variation (or random error within
Stnar essor -- losihe test). A.-s shown in Figure 8, within any set of

Complariso te~t No's: M-2.NI readinigs (up to twenty of current and voltage.,
Intercept of crvte:- 23.374 wteae at anyv otie W ife, thle calculated meanl conl-
Slope of curve: 0.1)0 di t ance liatd a standard deviation (s) of approxi-

SAmrLE DA "A SHEET FROM TEST M I mnately 20 uiicroinhos. For periods up to it
sConductance (in tohos) = ddnrtriho ord tal

Volt:s S. It. tit1titth, specimens ddnttriho ord tal
fGesistiimce SR. (ohitis) X%*olts Saiop. Statistical differences betweeni sets of readings

F.';cmE 8 taeti .ri the test were no greater than varia-

volt age refuhings obtainetd fromi the K-2 potentio'n- tions within anyv particular set of readings. Dif-
eter when current is pa~t'd through the standard feretices between sets of readings appearetd to be-
resistor and teit specimen respectively. Eveni due. to minor flucttuations ini the temiperatuore n(
though results Of sonice tests did niot warrant thle water bath and residual error within the
statistical tmnalysis due to smanll hodm natiotis. etluipilen . Results of thr ,e and otlier tests
statistkis wits used nriiarily' for fainilia-iniatiOn of reportetd in this Appentdix are shiown iin Figare 9.
personnipl aind ats a theck on teclmiquc, bot h of Tests NIA- and MI-4 were made to dletermtine
manual and machine c'omtputaitions. t(lie efftict of temperature onf conductanlCe. i haviing

To inisure uniiformiity b,'tWeetl speCimmielts. sUrface determined th t u nhy'hrous benzene aoes tnot cor-
chitaiing of ettch specimen prior to teiting was rode magnesium, but knowing ihat small changes
actomtu iplislI ed withi a echei itical (cleaning treat men t . in tempera tutre did affect the mneasuremen ts, it

This consisted of dipping with' agitaition) acti sPeci- %% as des.rtiblc to determine conductince as a func-
mien in a 20 percent acetii' nitrate solut ion1 for lemt t ion or temperature . M\agtnesiutm specimens were
sccondff. hen thoroughly rinsing withi distilled totally immnersed in benzene and coniductance
water. Abrasives and polishes were ýiot used. nemtsureinents made at 10' intervals up to
Th'le speeilinet wasR weighedI and th-1 ruiildonlv s0 The change in resi 'e, the reciprocal
assignved to at test environment. After each; test of conductance, ats a funcet of t-mnperatture, is
aind prior to finial weighing, the specimen was shown in Figure 10.
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'rest roiatitioiit,ai P'erenat !tteemsi'.or littte coefit' eiaot A,

___ - - -_ - - - e11hairge I. ier'vt.: t -

p t- immiersetd iii Tempi. r.:L *ilt 1iio'i 3 1, r

M-2 A.nti. iheim-ma 2-, 731 Ihlimr. 0. 11 0. 03 03:165 11.11 1). 94;
M-3 Atilt. I tizemit Vatri Able [1. 59 Q3 1) .313071 1.365~ 141-4 4). 9S
MI-4 Aiih. i-m-eiza I4 il' 1I 23 11. 1) .1331137S3 1.322 1 11-4 4). 94
Mt-5 .Aci c Nit r~ttv INA- 25' 1 Artiirialkv~~ 7! . !; 5 1 0)3 Sce F ie. 11I S-C Fi,,. I I o.3!.!9I

liationi o~rro-l... a 12. 12.
M-l6 Approx. 9.A !Al C 5.67 hour, 19 1 12. 1 .033927 I .639eY 103-3 1 ). 96I

N KCI.
MI-7 Apparox. 01.1 4) C .1.77 hoitir. 17. 1 111. :1 0:19¶37 1.711 *- I03-3 R. 9.5

N K('I

i4.Iaerat tilre %ien'r a-i . ith inii..rcep i -i : iii I. lit, oe
I The ccrrelaiuttP retfcltcienit. r, i. a ma~itt.ia' of lth IlkI.Ar~ai: of Ii lic:t-dt fromthi rle ratrltiatx4 ine whut.tere' r 1.0) A

perfect correlation. Ft A. a,. 9

'ro" AI& -. 4 0315. 16 410,1 It OI~ Ibis coefficienit cail be calculated from the results
* 509 NM 31.4. 0' -- n. 11 321) XiC'3ItT] of these two tests, .A value of 0.00-412 per degree

S 'Centigraide was obtained which, comlpares favor-
a ably with tile value of 0.004 per degree Centigrade

.* obtained by the Bureau of Standards for pure
mnagniesiumn metal.

Most qutantitativ'e corrosion tests make use of
set ametal's loss in -weight as a mieasure of corrosion.

Test MI-5 was made to try and correlate change

ini conductance with change in the specimen's
'D re so 4 o Wthickness and loss in weight. Acetic nitrate solu-

TIABIMATUMC M ion wits used as the corroding agent a.s it wdll
9?315IN 031-STMC OYALVMUfS ( TIPIR"R O 1IISU raipidly aind uniformlyv attack magnesium. The

coniductance, thickness, aind weight of the tuagne-
Fittumr, I0. siurti ribbon specimen was determnined prior to

Undt after catch successive rApid dip into the acetic
It was noted that correlationi between testsA wats nitrate solution. After each dip into the nitrate

good. The two st raighit line rela tioniships were dis- sohwim, itade speritten was thlorou~ghly washed
placed (differenat "iat"' values, or yintttrcept) due with waiter and dried prior to making- measure-
10 slightly different specittlet lenig ths. The two utenis. *lhit'kness nieasuremtents wi made using
best fitting lines appe'aried to have til -liettale s3101)' it mtlicromte33ir: at lairge number of measurements
aind this wats thiowtt by tlike calculaitedl slope coni- being jiattle ailonig the specimen's lenigth and an
Slants "b'' which 44t're A It5anid W01343l22. arithinoitic aviae'd* omiputed. 'rie averages of
statistical anatlysis showedthalit no rettd ditferetices two weighit mieasuremients, Wl'iCli Acre made, onl
ex ist ed betwiteen tilie du11)1icai Ie tests Ittild 111111 b~oth fiallt a11 ,itin viia billtince. aind of four or mor cc on-
tests could be representied by one avterage line i"'Atli due tatnec incasure.,mo Ivfl v. uned. All micw~urc

at slope of .0(N)l3:4:1 aind onl .au- value of 0.033075, mient. wvere mittae Alt approximately 250 C
T[le valcuiaited ctarrvlat~oi cbehll~ielit for thie aver- As show% it theoret icAyl ink Appeadi\ 1, -4-ktiou '

age regression line obtaimicil fronm both tests %%.4 at plot of cotidutlantce teltsus wieighit lo" shouldi
0.95, where perfect correlation between thet CHIieu- b.' At straight line when plotted onl recwau~rular co-
Iuitted regressiotn line and thle dtant would be I.0. ordiniates. As shiowni tii Figure It, wl.':t thke ex-

The temperature resistance coefficient of aiutmetail periiertlal datt6 from Tlest MI-5 was pit'tted, ex-
is defined as the ratio (if lie chiange in resistanice cellent correlat ion found. The \ar;Iation of
due to a cllisiie of temper"tm (it of I 'C to its tilie datai fronm thle liated regrveýio:3 line wats
resiatiitoce ait 00 C. I'sing the averatge c'alcuiated very smuall; tile ca .ted correlationi coelfhiient

%,1 iN of '"agn"si"' at 0 C, being (3199.
94.i L c~t::r ~ a
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Aplotof resistance chaiage versus weighit loss

up to at 22 percent change in resistance. Beyond
that point deviat ions of resistance chiiilligt versus

weight loss from a straight line uere appreciable ta no a. a. 2 ---

and continuously increasing. The percent change
in resistance was equal to thle percent chsn1lie inl .0aauaT 1:401" W&t lWAaa " V1~d AMMI ClAM"g u I bSISMIs

thickness up to a ;O to 44) percent change inl resint- fo 146IP AlIM1 Aft1&fttLV

ance. Beyond this point, tL~e percent change inl
Width Was appreciable. jnereasingly s4o as corrosion
continued. Wheni an SO percent change ill reslist- Vitm 12.
onice had occurred, thle average itteasuredl specimven
thicktnes had cli angedl approxi inatclv ' y 61 pereewi smin tilt, d' v tend to pit in it corrosive environment
"isuad observation showedl that thle specimlenl's rathe r thanl 'iniforti Iv et .h. thle nieetd for at u niforim
widith had doercased appreciably and this would etellnmnt wits rtwglumel. Frow F7revious experi-
account for thle difference of 14 percent Vnce, It WaS felt t hat dilute galt 4olutions; j.io-lit

A measure of corros'ni whieh is uinaffected t " v ,%t ifttctoril.% et -it pure i nagnesiumI.
specimen size is thte use or percent weight loss. Ini Tests Ml -6a and N -7 were ninde to detertinine thlt
mnany corrosion tests. per'ent weight loss has be-en ailuti~lt . rate, andt t . 1 of corrosion of a stilt !.olu-
correlated WithI tensile s-trenlgtl, chanilge inl elozigal- tim -in purr maiignesiumi ribbon spieriinns. Blot h
tion, and other iiecianiiiil tests. ! ii Fieure 12. is tests run sitinult nepously, were made bv totally
shown a grri ph of plercent cliii ige inl resistaiceP nimme irsinhg thle specim ens in JA N K (I it so" C.
(eqjual to -lie IW'(-Vlat ci is ige ill tot Iuct I aice Si ice salt mitslutions of thIiis st reigthi are good dele-
vemtU percent chitinge inl wetghit for '.'em N1 5. trivid cOt IR11.t nes. tilie elect rical meliasuremlent s

A calculated st raitght Iline wi tha I correla itionl roetli- were imii it iii betiizene, ctmlelisa t ion hei ng iiade'
cient of 0.9S-4 alit the - hluict in of thn' linv relaiting for the miiiu: , of tiline tilie sp'i-imells were uot ill

the two functions tir,* shiowo ike * o-istalits tilie corroding iiedlia. A. graph of change inI ron-
relating tilie percenit cliiinge ill wr'igi . t iire tilie re- (thulm't t vitersu t i hit for~ tile two( tests is stiowii
sstat a~ity vcoefficient andi tile tienllt v ot ticr Ilaitati. til ýI'gure 13.
At t his one temiiperit t ire anil far simiiil~isr spevvt' i ens Nflitrom-opil.rtlc x aiiiitt ionl of eachi spec-i iieii aft ei
0; this sa :ue mlet al. Ii lagiletitilii ti*Ihis n rtlat iolish ip t he test showved little pitting; reasons Il~ u nifori",
slio u!l. not c hial.ge . Thuis it hol'ild hoc asil to vornsionl of til In peii ens v appn rent . Varl ci

dhet ermi~ne percent char :ge ill weight (rotij. ( lie per- 6ion of tlike eXilperill 1in lit ilidt. ii, tili, tc h ida 1ftei
vent tuii ngt' iti resist anlce whiene ver simii lair inag- regressioni I 'lie wats simi ii ; t lie elat ionl coefliciell
nestulc speciniens tiro\ e xper imeutill .~ \'icorrode Isitt was greater lhii iii. 5 Sats i-d .lhothi tests~
this temperature. Sinwe tiagnesiumi and itiagne- could be represenited by otne regresioti line wit Ii
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the average. corrosion rate was 0.947 inches ~rx
year. Though no similar tests could be found in

.....----- the literature with which to compnre results, this
- a.: c~m~i'-a lOTvalue appears reasonable.

APPENDIX VII

Because or the mary advantages of the electrical
conductance method for determining corrosion
rates, it is planned to adopt theme techniques to

* . .other Air Force research problems. TI ough the
I ~method could be adopted for use in m~any pro-

* j *, * ~gramis, it will be used at present with only three.
These programs Pre: development of suitable

* inhibitors for red fuming nitric acid, development
and comparison or new surface tre.-ments for

* magnesium alloys, and determining the effect of
:~~ humnidity~ on corrosion rate. ~In order to use thesie

wihteproject engineers ofthe aforemention~ed
programs has beeni initiated. Working jointly

Ito ~ a with each p .'Pet engineer, test progranis haie
ui~luaamaubeen devised, most equipment obtained, and work

scheJuled. Each progrram will be discussed more
I fully in the following three sections.

Further work will also be done to investigute the
--- --_ ---- -....J use of different types of specimens (ribbon, wire.Ftw as 13. and dleposited films) in different eorrosivr environ-

highproabilty.Thesmal difernce et~~ Imients. The effect of temperature, concentration,
highproabatv ue miill liferecL'h~t~c Mi ald flowiny~ versus tionflowing solutions ontile calculated Intercept valu.'S ("An" was duc to colrosiomi will be' inivcstigated.

the reproklutibhlhti in preparing the specitmens
dimttinsionally. S~anI

Both specimens were weighed before anti afttn
thle test AiS described prrviouslY. Tile percent Because of the increased use oi red-fuming
change in weighit for tests M! 6 and MI 7 ", pet- m'toic- acid in aircraft propulsion equipment, there
tively Were 12.1 find 1tt.:l penent. I*sing (lieperret is great need in the Air Forcer for it corrosion
change in weight to calculate an ex~pected per- resittanit nonscaling inetpit to contain this media
cent chittge in conductance acc'irding to t he ca~nit- under a range of conditions. At present, theire
latcel equ~ation front Figure 12. values of 17.7 aind eare Several Sibt*Ass which have been initiated to
IS. I peret .t weir obt ainedl The actual vAlues of solve tile corrosion problemts which occur when
percent change in conductance weire 19.1 and 17.A rutuming nitric acid id used. Progranvt li-te been
percent, respectively, which are in goodi agreement.- initiated to develop both suitable inhibitors to
A likely source of error is lthe fact that in these reslurt the corrosiveness of fuming nitric acid and
tests the Specimensi [)all to 1-e cleAtied inl hot materials to resis; either uninhibited or inhibited
chromit' acid solution prior to finatl weighing. This acid.
was not a factor in test %1 -4 when lthe noustion Thle electrical conductance method is well
above was determined Since etchingm with Acetic wuiled to classifying the relative corrosivitie. of
nitrate solution leaves no corrorion prodlucts. different inhibitors in twiric acid and tkm,- relative

The average corrosion rate can be calculated corrosion resisqtance i~elent metals to thesm
using the equations derivedi in Appendix I. section inleibito'd acid solut Berause tetmperature
i. For purr tnagrnsiunli ribbon specimerns to, allY appears to grealiv k.... thi# rate atid t ' pes of
immerseJ in approxiamiutely 0.1 NK('l at 500 C, corrosion. ter's must be made at several different



temperature levels. Mutal spectimeris will he ~
plaice-i it- bo0th the vapor andi liquidl regions.,________________
thereby obtaining vapo PeAnad liqu id corrosion -- ______ ___

rates sitnult aneousl ' . By thlreading thle electrical ________________________
leadis throughi Kel F slet-,es running outside the
Kel F !iaed pressure vessel. co~itinuous recordling - --

equipiiienit call mieasure the clialge iii electrical *.. .. 4 1,~. .Wl till
-4- t- -it *i.-~

cotituctatice of the .,.ecimien while corrosloil COS, ". rna. .

occurs. Figure 14 shows the experimcn'atal design 'lR 15.
of the first series of planned to-sts It tsts thle rE1.

effect or five inl'ibitors in M4 perccent fuminig mients will he maide ait regular intervals and tlit
nitic acid onl :3 types of mneta !t; b)othI liqtu id andit daut satSi ist ically anaa lyzed to dleterm iine if there
vapor tit two different temlperatures, After Ithe are real dimrereiace, bc1etwee ailetails and between
data obtained fronm these tests hiave' been carefully t reitmeaats.

anali,.d. ohersimiar estswil he niae'.As new treatmaents antd alloys tare devised these
__________ - will hie compared withi older ones in thle same in..n-

-~ _________ - aie It is possible that this method of determin-
SIng~ torru-iion rates can be standardized and used
'is the busis for an Air Force specification in
qualification testing.

________--Sm-tuon 3.

__________ -It is well knowna that in the absence of other
corrosive agerits. steel will notl corrode in at dry

~ ~ - 5-atmosphere. It is also true that in the presence
* '' '***' 'of mioisture steel will readily corrode. rhte reia-

... ,. tionsliip between rate of corrosion of steel anti
killsm -... percent humiiditfy is not clourly known. hica use

i't(a RL I thle olectrical conductance method can accurately
~e~t~oa 2. asautnire very smnall changes in electrical conduc-
.v,-t~n 21.tancer and therefore low rules of corrosion, it

Dutimii thle last ulecuade. tilie use of iii a)itesiu it, couaiti uccritratlY determine this reln t innaaip.
Hnill it, .110~ %in Aii Force fqtiiptaaent has increased Two t pveI of miild steel, 24ST3t unclad alunii-
nitnnYfold. llnwever. aitimpnersuaaal ~1414) ' corrode' nuan. -rnd F.S- I miagiaesitini sjpeciwensi A ill lWex c-

inl nannY enviaroniiints. Nizx imnuit protect .'an posed to relative huanidit ift ranging fronta zero to
from corrosion ma ' % . te obtainerd throlugh tLc use onte haundroC percent in It) percent steps. A1 rn-
of chiemaical treiatnients follouec to 'v paintingi stunt known humiiiiYt curln te effected by using
The need exists for a suarface chiemiical treaatmaent iiatferent aqueous solutions of sulf-.ric AntI. Dif-
which will protect icagneiunmi fromai corrosion 1li-v fercaitt acid stilutionts will he placedl in tile bottoni
forminiig a!I adhlering flilu. Vt Ilich %% Ill tiust he A a god of largre nioutlied mre gallon glass jars. Thle
paint base. The le'trical condhrctanci' taethiod spectiacens will hkang In Ilse valpor space of tile jar
is well suited for classif ing thle ,urotcstioii nf- with thet leads passing through porcelain slerves
forded in- different murfrice trreattiieut% tan different insertedl i.a the hid. Tihae i-ir tld can theon be setileti
tYpes of Illagne-tutili aillo'%. to prtvent evapioraition aitid moiesurnitient-s made

Tite -perianental diesigni of flth- first act of telits at ri-,ular inter-vats by simnply onne, -tiiag electrical
as shown in Figitre 0,'-i . tpri of ItiAtanlents Ienda to the specimien leads whtich are outside thit
w-ill 1W ripplied to duplic-Ite specinleens fnom "ealh jar Tito jars will tie kept atl a ctviAatnt tempera-
of thareeI* pti-e of maiagnesiaiullk 111. For)l. speiri. ture of 25* C' though mewasureiments could an
men will then tie totaillyv lmaiersoid in a salrcndar easily be l made at other teneperitf-rw'.

Ru! ai~tion (Of).; NKO) aat :n). C Fromt pre- From experinients of this kii ftormaution can
vious tests, this rorrosuie envirunamenit appoers to lIe obtained as to packaging cr .ions needed to
unafiornily coirrode pure naaKnemiuna without ex- rreve-nt corrosion. It might L rdosible to inserti
c,-ie pitting at a reasonable rale. Measure- sensatln.' i.m.r.:!sea:t in r~k~rand b%
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ITThe Prep-iration and Properties of Some Xwi 
IFluorine-Containing I., 2-Epoxides

1). k. IMSCII
%I.

kits-ritwl' The intf-rest ill polVethers f.#r
ptissible (spplicittimi (js therenfillY swilph, i Ili st (Pill' vs prompted
rfýsefircb ort the preloftnition (of new epavidi, mOlloill"I'S.

Six neic epo-vi(b-s ucre prepired (Ind chal-ficteri zed. Th,
islilivilitin #Af these utitimsters in new piplYnter sYstellp is hvilip
iturstigirlifyi.

I NTW )D( ( :,F 111 ) N ill Ow mle will twc. poýilioll'ý4, McBee 111141 11111-tolt

( I ) prepitred oxide and I I-i -
Tht, dvýwrihvil here %%it?; miderlakvii 141 oxide 1) X. Iv I I I 14 -I i I I I I of t It,-

"I Ivv (tilt it .4" 11 Ire for I I iv 1)1'tlll;k ra I IM I loill-S rollowi-41 It
of 11114'ritim i'll vptlxidvý and to Ill-upart. it tYpt, %if I'll it ill k 11 w illeou-t; ollillill 11 X-411-oxillt'.
epoxide Ilithertofort. 11111.1-portell fill- vduatit'n iiý Thi, prill-villin, hall livver livell applied to I 1w
it 111MI0111111, ill 11,4- lit liv\\ v\1wrillivill:11 wheAis of the don mi-tilioned I .2-dkulistittilvd
vlastomer, mid kow -tork lhiiik 1.11midt's ýillvv illu provellkirt. fill- tilt, preplinklioll

of I lit !ýt it rt i it,, kel one, wit.; ra I her letil-t It
I I . s ( N I NI % It I \ N I I , I Sill 11N.N, HervialY. however. it I i its liven re I m ) I- I et v

The gellend provedill.l. w; owhilvd previoll?4\ McGrvilt (21 and vo-workvN tLat lite de-Airod

for the preplinklioll of vilo\ille, lippelkis to he .:1 kvimiest cz.n It. prepitrtd It ' % the willition ill tilt-

"(1111111,1ki lilvdictl fix tilt, preplinklioll lit k-pomd", I li-tillol ol-,, wii to t ,w,!A. or the alkId
l` 

Grignilril ri'llgelli.!;Ijl"tittiled iii I he I - it lid I .2-po,ýit i iis. T he I it tilt, vom -ýo of 111i, ill% -ýIivnitioll. it \% it-preparittion of tilt- itlk \1 IteriltioroAk I k,ýImw-ý 11 .

kl,;Ilg t1w litili'lill .4,111 ol' tilt- lit- l.mplmed fill- Ow pri-paraiion it( the ketwiv,.nvid type:irs, lit offer verlitin itdtmtaL!e-. ThiQ proveillin. litilizell the lithillill ýlkll of III,-No diltil itt.o. livitilikille it( tilt, linit. Illi-i I.I.IK111 perl avid anti lit.- atlkl (;rigim ril%%ýOL It, it) the polvillerizalloll rhat'lls-ler- rew-vill w;i I I lit- reve"t, itildit i0li, 114-111611110
OW SlIbStiltilt4l VI)4l\ideS.

This 111411illivil offers ittkalit:1-p-

Ill. DINCI SSION o\vi, tilt. oti4 Ili %%hivit tilt- livr1horova ILI. lit. :%I'll.

4.41 LllIv1llllllý!-i al -ill 11-

h-lil tl!iq research wit, midertaken lit) Iluorim- tilk- , \1 Grignard rv:kgvw I. tvilinred lit Ilw
collialving litid IK-vo preparvii v. hich %% vre ill tilt- 1111VIII.. t, m.IlFlivd
111IN61111441 with tilkyl m id Itierfluor-otilk\1 g-rollIK .44.41114IF . gi-111.1, 14,olloltl% !:: 11:1. litilixtilioll ill 11 v



if I vit I itesee, k -.% vre Vm~, I if -I v.1 hie'li re'm4ilt from~ 910lIITe'iojll I's f lit- I .2-1e'Jmle)Xfs.l
I fit- i-duet I'm3 III` I lit- Is'l10 I t %~ fliv vtu e smfe' (hrigrinelf Thle. re'elage-t iini 4,f file- Isre.,uoke.livpiie-, re'av'-imea.

Tlw..'i 11111.1- -14-11 i ;-I .;.! j., rvie' ivereil 11. flt- i -.i, ..- 4Ire I-#I u I It st v1 'its'r s;I I rr- v of lit lIf' h
vt liei vhifull-lex o.*$ ilfe'i tnht Iw. revo-m-noerialei If% ealminiiiioit lifirlricel. NSuame- rvolieltiy' eli~llifllt IieI
frle.iI Ilislit % illf 111h IjIt'a..is fwieeirr-d as 1:6, e e4-11.4 1) III,- pie -c1-Sire off linvilidse~.
'Ila 6,1ii4m i..ý wIII ýimimi'ulriz.e flit-* rtam-timis fetill II fll.' re'ztetjmii it miture'.

sefI h I4prIillu-eee iltI iifilgu -II1*NII'- tel 114st 5,(1 jperieuto IIoIluelij st4!Ftim It lInojieiq- -trolti-
iol 1( letiel ln . ie epOidel s .11111 elist ill#N

F .-. I [~.~h I*.I ~ .1-1 fromii flit- reacset i411 mixt fire. lr;Ti-eat iw (o I ftim-

C C II!. II~: IC! e.,e~I. I -pixideI4. with 6M sII~ijlifric ;a'hi g~ave' Ilw. -orrv--

"* . .I'l lit Al 1.1 %94 1 I'iI..I4 I i4Wr,I11, 1% .1 Imisl ivt I pe'jrimlCic avid4 It--I (4 wav. 'ilaiitia(ed wiill.
414t,1 gi vv'(l.

4'tui~e.'ivCrt- Jrt-partre.l:

4 f-sii 'i~t~5~ i;~' ~j ' I'll- Mii4'Iie'-I1, VI ,

C teV -II~ i. C VI4.Ii (Ci1IC~.I I. :Ct~ - c~lv.Ch.
Rvac~t-IiuI.. wiitll II r-4'ilpnseiII I Il Ji-(le'Celdulrf'- lipse'e

iii prepl-;lsl"~ tdw Stamrtinig ki-lle'tIs.. -Ilu' h11riiilis.- lfI-eI'i.C---41 e t4-eI

film rencI(tionI I Il witsP 45111ieel til o wl 11 I'll I(.#;1t11t'

%.iIlftiriv lividl. lit [Ii- v, e i~'ef e'ehi k4Imuie it sCilglo- hi' -IVi('Il Jlrope4rtiI'. iuniI3tl-4s juid( vidb (if tilit-

I~heI~e~luli~ll-14'r wiI l.¶~,i olilt iiti-el w~ijhi1 w~t 4"W*~ -enh1mipoluis lire- giveii if, r*nllia 1.

A 111.1: 1. I'h',iiruld propertear of !lcr calhi1,VI4Iif

I1 it-if I, carlpiini Petrcntiu fluorine'

N-f'it

Cale pet Cale PcI Cale Pd

C(;OIIffC]1 1 57jS5 1. 31491 1. 614; 1. 25 2:3.62 23. 74 1.38s 1.38 43L lim) 4:x 60O
(3F-,Cfi'lI 14W(,I'5  7 2 521/31 1 .315!14 1. 6127 1. 2:4 26. :15 261. 317 1.8-1 1. 106 4 1. t-01 41. 76

,F7c('(Il( '1 11') Cal s; 62. 1/61 1. 36128 1. 63 1 1. 211 26. :15 261. 36 1. 99 1u (14: 4 1. C-01. "LM
CV3C( C I IiIr(1, S1  %;j17-14 1. 3584i5 1. 6140 1. 25 23.4 'I 2:1. 41) 1. 95 '_1 0 4 2 7. Sk1 2 7 89l
('IW()('I Ii-rU.jNd 8:41 6;i1 / 2 i. :;. 1. 554 1. 25 27. 421 27. 47 '. 731 2- 86 2. 3-58
(l'3COUI1r(I Cfi),. 6:3 57. 51t:v) 1. :11.211.10 I 4 .:11 'i7. 42 27.41t 2.:7321 141 24"1 (K 2o!00
CIF-('C~if hh1r(11'1I13 /s.....5;m 1. :170 1 .7,48 1. mn 2:1. 4.1 23. :17 a. 9I5 21. (I 41.321-13.3X5
('3F;('11lII('I1 rU)Cl I, IIIs6 75. el-75. 81:32 1. :71. 70 (1.74-1. 1-1 26f. 116 2Cek Iin 2. 12 :14 41.43: 41. 52
C,I-,(I II (oll lI Ire('It 113 5-1 9I. 91i62 11. :171.14 I 1. o-14 1. 2 f. 11; 25. 71) 2. 491 23. 47. 41. 43 41. 36
(TIII(0ii ll)(11 llrWir3  7M4. ; 65. 5 631: . 40(1841 . 019e7 1. 15 2:1. MI 21.2.1 2. MO :1 MN 2 7. 5 1 2 7. 7
(i",Cilf)1j010(111.11.. 34I !IL 119-l1. 151If, 1 -114X1~ 1141 fil 1 27. 17~: i - -:1. :1.7, 25& 791 25 We
(VCII i Mf)UlTriCI 1,, -42 67. Si1 17 .-11591 1. 5it 1. 18 2 7. 17 2 7. ~o:13. 65 3-. (14; 25& 7!1' M3 1

('F7( I I C I I I1  761 93:. 5,;74R 1. 3109 1 1. 424 1.261 3 1. SA1 :1. A 2- 2 1 *. 25 Wk S 58 1 WL13

V',CI-',( 1 -i r'. 1! '-1 9:1 1111.3-I 1117411 1.3:218 1. 3458 1. 3.' :. WN :35.0It 1112 X1. 02 53 '.' 5 42

c'I r,771 , 1,1 85 1112,5- 103:; 74 7 1. 31987 1.35 1i . 211 35s. (011 X5, 013 2. 112 .I'S 5U Q2 5& Y1

(TS1,klI(14ifCIksI'if I" I 5K. 5-59. 11/747 i. :11117 L.41~7 1. 12 3KR 10 3Ks 10 .19~7 ..Ill 4&.21 41S..34

Cr~1_771 1V43) 7M. 14-7ii71174 1.33441 1t. 1441 1. 2:5 42. V41 412. RD &. 011 4. 87 4(1. 7.1 MII. vi

(TI 1(CIif (AIt I, 9I 71,341-i, Is,717 1. 312M, 4 12 2 1 - VA I4 41. (11 sk 115 & 03 -aD. 71 40, fit

(lI 1.4p( 1,.~ 2. W 1 32.1 :1, 341' 3 1. XX' 32. 1111
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11'. EX PERINII ENl'AI. that time- bromuine 'onmcenltrationl wits kept lowv
(several hours; to one dayv may he required for time,

A. Prepmmrimtioit of Alk '%- PerflhoronikYl Km'tones simibitioni depending onl tihe ketone being bromii-
1. Fronm pm'rfluol'ovt'riwtvIYh acids gi-neral pro- misted). A"fter addititioni, time stirring was contimnuedi

('elire- for two additional hours anid the crud:e prodvct
Time ketones werie prepitr'd li~Y ill( gom'tmrul pro- Wits removedt froth tile Sulfuric aicid toy distil~a-

tedulre described hv~ V Arnthi el't m. (2) ro ti, t ion under reducmli pressure. Thle (-rudle bro-
moles of miik ' Grigo art remigel I n one liter of litinamt ed ket one was then fractionally dlist illed a mt
ether c'.:ooled in -.iii ice bathit wats aitded I ropwise reduceed presisure.
Wilti stirring onte umole of periluornt'triioxYlit' C. R(11-il of a-bnin. oketommes- general pro-
lcit i in tin equnal .olmnv~lt of et her, Afte'r stirring ('t( Iurm'
overnighmt , the reacttion 1mmixtutre Wits I vilyrol * zt'd
byv pouirinag inmto iret-i'onvot'l'ltriteti hmydrochoiciin ith iuiim mlumitntullm Iit *iyrite (t10 percent excess)

11t'iti. nICet ietr lit~ ri m t st'pml rt llttlt t td *- alatir'Iwith .m '.r etheir overntighit to 1iv

lit 't'i ext rict'ed Wil im tlmm cc-tIN) till loriont o(11 f si irrY of time- hviiride. Timt'- hYdride slurry was ti -it'
mether. Tiht c'olmbinedt' Obetittr latvetr, Wetre tdrimed ove'r 4110m'141 in tll ire limit It anti Ilit-' e-broimioketone in P-
lDrierite mtid tdist illeict r enmovethe etih'ei 1r; tilt ('(110 vollut~imem t of ethler was aditlei (lropwise at such
resitl:ml liqumitil wiSts t'en tdrie'd over iiimOpiiorlis a1 rate timat Ito reflux took place.. Aftter four atiti-
pCI) Ioxitim and frlttt iolhll~ ti di'~illeiI atitt Ititlis- 1 ionlm thouiris of st irrinig lit r'oomm temmperatlure, time
piteric preasmmrt' thmrougih anm effjtic'iet coluiimmi. linsk wti's cooled ill ,i ict' bath anti time excess

2. Frontm tile satil of tDerfhlowrl(KiitX~'lit' at'itl Itvtrmte wits detttiroy'ed hY time aeltiHiomm of a simall
Time lithimilnl salt of perfluoruliut it aid~ w~ atniioutit of ethmanol 'Alowed by hydrolysis with

prepared !)Y slowl 'y adtdinmg one imole' of ltme aridto 21) liervelt sulfuric aicid. Time ether laver was
onet-hlalf Imolt' of litiiitilm ra'abomali' inl 211 et' of s-eparatt't. -he wkter lmiyer extracted with ether,
water. Tihe stalt was then tdried timoritugimlY i It anti till' colimbined other laYers were tried with
i'acuutimi ovenli t SO lmtm C. DrInerite. Time ethker was removinre by distillation

one motle' of lithiittml perflhiorowlutrati' was. uias- anti lthe residual liquid was fractioimated at retleeti
solved in omme liter ol dirv elime; and rsN4t'd ill all ier premure to ymeltl tile a-iiroimov alcohols.
baI th. To this rigorouwly stirred solution was 1). 1* epxidles- -general pincelure-
vidded dwrPWise 1.10 mov~les of ethyl m116Imagmiriemuntioal-li4wvLade rpwle oi

Thle reacrtiohn rmixturt' was stirred for aim atitli- vigorously stirred U) percent sodiumm htydroxide
tional two hours at roomiv tenipprature. theta solutnmnl (1it) tolar exces) at 100' C'. The epoxitie
cooled in aim iceWol ba rilt and nallv ltidrolvxed hv rpjx~l , steant tistidird out of the reaction inixturt'

thedrowis aditin o 20 ct of~ ' andi was then separatedt front the water lover,
sualfuric arcmd. The ether lover waose'paratedanit driedt are- Irirritc, and froctitmaiiv distilkle- at
the water laver extracte'd aith three oo old. alltmmtsthrriw primiun'.
Piortmoits of ether. The conbintte ether layers F. it,.t ivs" of t,2-_.P~idti
weft- dlries over Dnierite amtid the eu-er remnoved
hrY tistillation, The resoidual liquidtl wat tnrs" Tao VAins of ti,2...etfu o-4-
with pIWSpOOrws anti rectifirtl to jvr r- 103 1 44 rponi'Lrjtmnr was heated sit a seal"d tube' with
perm I intrnldi of ethyl liepafltmoroproplv ketone 6 fill of 21) Perratt molfriant at'i'i at 105* C for Sixtt

h p 12 113". nij Vm a'~nud 70 C of 2C,'YI.(tll how-s. 'Peon cooIliti 4 white soolid rn stallimed
out ia+.ah wn.m t vstla~llmzm front hgenz-ev to %rltd

It a'hrotiaoallkxi p"uermino tiaki kotoutes ttemeral 'Tmtilgi im eproi tiat p.AS

smanullar tremaltismat- of tt2,t3hpafu.-
To 4W0 ml of raneuictsrateui %tifutne arid was 4S-,po sinlexame and 1.1.1.2.2.,3-h~eptalluorm3-5

addedi rapoodim 0, 3 "tele of the alkl prd~urroaik ' I vitroh.%- 4.S-c'poiYr%*inr gave' oil, w-t- we retm
keloct, Then 0 2S nooll, of twressunr v %; a4tieti to eurmepouting Clyrvolo: each of ha: atra jian.

the vagorommli- stirred msprtapenan. at uwh a mrat tive pmrimw acud tIat
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to M11, hie held the Air Force Post-Divttoral Fellowship with the
Purdue Resedireh Foundmtion at Purdue Universit v. lie carried out
re.earch there in fluorine chem~istr v tinder Professor E. T. McBee.

M,'. Rosenberg was *"nj'lo1ed'hv tl,-: Geners'. Lumine'went Cor-
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Prnlisted lii the U nited States Armiv. After separuiiOn fuonI the s-t-rice
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('hemieii'l Producticrn Frm'u 1947. to 19-W) lie was emiployed as
a teaching xms.istint at the University of Illinoii, At Op~ -xpirati~n
tpf his post-doctoral fellouship at Purdue. in 1461. 16 cattle to" the

Mlaterials Central. Ile is currentl v Senior Research (Chemist ;it the
Pol~iner Branch. Nonmetallic Materials L aborator.%

Mr Rosenberg is listed in the ninth and tenth editions of American
Men of Science and in Who's Who in tile Midwest. lie is a Fellow
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ciencee Pavilion of the lF~positioio. In 19A9. he rrcrcived the U~nited
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Derivatives of Ferrocene,
Nl. itIl SCU N~i . . an~*; d 1. ROSE~NBER~lG

Part I. Thew Metalation of Ferrocene

%BSRUiH (T `11'e inefodation of frrroce'ne bY mea'ns of n-btimii-
lithium find mercuric acetate' hbus been funther iniv-stiglateI. The
lithiaa'ion reaction has heen itc tendfid for thw prepa ration of tin.
moth vlasilvlfferroce'ne and 11'di(rinhlsvlfrocn. In the
meuaeruirtioil reaction, the ratio of sta&rting mauterials has been
avaried in order if) obtain optnalana yuieds of editer cldoroinercura -
fverroct~ite cir 1. 1'-dlir hiorotineren riferrorn'no. (Jhloronaewrriferro-
cvent has bieen con uvrteti to) diferrocc-ne~na1errurv bty mneans of' dispersedl
sod~iumi. N(Ndiur~ stuneaite. and socitsiniu iodlide' in ethanol.

S-ince lthe tlisoverY of ferreweaee -, ile 19.11, over lit-e aaajxee iteolo- will ilicri axtrhexvrrwraaues. fit
oile, hundreld e'et-iatirnl aublcivia-tjoins hac'e nppe'aeted aiaaaae'rceu experimaenet-, ile whichl exwitaetientaaI ooat-

tie. it( t'lralti er-, vinivei n ace ac c 'a-elopuitea etnt I -a't v i. lit auns were' ' arac't. li toe've-r, like totatl yairld oef
llt-ti' ll v0Itlitliliditl, lIII this Iteld Sila,.eelite'a lealw.,t aainixel aiti, c-ouild wit let itic-tca-eel tit adore haiti
up wasli to re'port some eat' % aterw nvitat iv of'. a fe'rre- abhout :otl; Th~ese . j elel.tire' e-onitit ett wit I t la
110I1P i ts "ell its di et-ut-s t lhe v Cerieeus *. vil tc'tit vcivIid, of ferrck-e'a a aair eia, report44 ee lit e ot l'c'r
iphltetIoltl~ hv w hit-ic a au asfit atietvl fc'rrot-eae', e-tcl Ite I II' veett iieiterm.1
atatide'. Beike-ek t of itt al.heve celso repowrtedt tht ltit te iai'j-

On~e na et hoc I for thet Itre lturac t~ios o ' ferrovie t uac' Itre' of ICtiola- weia1 ifilithie iferrovet'ia ohtt 'i iedl troiti
4le'r vat tayes i-c lby taac c1 t t ji ea tt tedtc~ Bllea- tile' re'ac-tiont (if ferrec-vie'e aclacl tc laett iii .Ilica ca itt
ketier. (ciatatviel al a'al.:1tth N esia aa' %iv al oy eliler re'aaci a "it Ic t rip ithiet ' th-lonwiljcatip to p"AiedIt-

to r'the'' al aiNt ~Cct Cloto a dl lii le ot'rnrciat. e'cit-reae'. * lceneIo 4o0111poklitaela were out nileac
I he!We eecI late'toil itiitera a tedfill e's Iljav e lber'' -il -ol litI vic'~ieI of 27 "; andta Vr. rt-e-cpccivrlv. or at toted
'cited to u-mrboxuv." trigtlaetaiicilvl.t atic1 ecaitalto vaeld of *j4(1-
elorjvativc'ac. Nexaie'vaitiov at I/ elinv l~tyt lio lation-l Wte htave fo,.nae iliati thli-t Tracttion can also he
icuteel ferrtica-eatir andItaly( lae e'olve'rltel hett leerrI- cappliedc to th hat' avoillems tole t riaelL~thlatvlerroretta..
raitel it jilemwitedicte tc to I arolai atencld ite In tlpari vaclive"ý. 1111 %% aeI w idetee mlitarl h~ere I lie ac ynlti t le of Irim ietylev-

4let a-acaile' Ithe ti,-cfoiittce of ths laeuc'to re-cti- I ttai it- ci ruel A I). Ro~th Ia jid 11 a'Iwere' iaoilnet I ii ci titolile-,
ltriot-Iicae tia't ilaoc foir thce 1ite cpatrati ec a c tit clt)a- dplnistj ohle. oral aaa-c-rdictliagiad. m~eaena~ iltti
anld C itciheo t! I tit l ale i 'ri att\ t- eoef ferrtio-i-tae- aPariat ( ef ibleer 11c0t tIa pleiteartl lto lwt c'mptijilc ,&Iya iIa
outr ivotuca Iti.re' clisc'titt-t'I cawc'jtt f:aji idc e~ ji - t ligt 111141 lit a il$ a1a c-oittt I l raatIe aenra I lii Ir--

i . !irvvc-e'l touaaril iiepfrtia~m-t lite vae'lcl" c-eclar uiteilit niiLI ilerivctiica of ferrnc- I

of niaono- wiaIcll a diiiit aiofe'rroetc'i. I lae".c hit ictitteN-A I Th'e yieilds 0i1 111 a 1 etlIIod ciained tterc otr olomeha
tier ircivesi% I ccinI c lcaaraticterixctl l,\ e:crata actIiatitot i igltr that it he virldsi of en rbox~v- antd i ripbtetil-
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cont31ract t~it liee a nitoe resqell I' fril1111i, l' I e1CC irre'il andi I lit

The1 i lnfri re'd s;)c'. ree - f I modii I I aeire '.siv Iris'Iv ''*~ i .erYV ~lest I'hle lie'

-lulliller. t~ i. k lli ' v otable' 1literen, -e hi4.i1 tIrownI #,f ,'llivr.iik5'thfliatlel itfl- 31' slkvitris elifer1' manFv still-

ahkorplical luiandslta 91141 midt 9 4-1. .! 
1

it '.lr V rlvirmn ~ Is.flt5il3~55 etiit of fl'rrltms'ii. andl pro-

(of I Bioth hand,11 mere' lteciil 'tl- ner 3In Ilit, ti~lcsin- il: ~3 ~t.- it rll111i~ll.tI vitkldl elf I II ni111 IV.
I rumi (If I I Iler-w'rl's.3ltS art-II i~ll I as-cioin %t rill 'ir fmc-jie' f-,rlinatlmi tI 111 eilnd ~ elf tie e mier-

the (IMta Ili Re)-4114 1thllil a11i41el *f 131,41 it' Le rtrti ,lrit-mat1%et, -Iei Lheni. ni- a,'eful ittier-i

latit found that the. hIsams atI !11 iio c ten I#I#-,. arr 3ittellals lte Ow3 pI*re'Iratrlioti of adleltleimal fe'rroctem-,
lirr'4C1t inl bothl fe~rrw.-re~ic it-,elf atud tii tle-Yiitati'eý lilil a' .' ti ejhisiti .' eriv o 110313 ctylo.-

ii tt ie ca' 113' rcop'uuI c 11 3; rlIL i ~'til- -.i t ad isriv -lyl ~ art'- d-it lute c-si ir:itr title.

silttute~d, hut lare' absen-t ill tie'I1molit'- ii t, 15I .03:ti-~ln- e'crn~ta tt.r' i 13

lIoth rnp.g an-. stsahtiluted .A33u1113 ti Il~l- ab rptlivi. hor av lkrs-_it-Il tll

hands in hoth Ii ajw.ra wen ýof-tmvl Ihtiuel'; z -4 11 The din-ct' n-act ietv elf uorztt molniiniry 11111 p13311-

13:.2 be. arid attron-, ahiilptilon fir.3e I I Ii to u I~ - mth 4-it1atve hltitlitic'Ii vo0l~l~ipomitk.esa alkyl hsid-

'Iliftee thror ri.''iotl- of atiitfrptknm v'I1 iIto~ lias.gtie-d al* avid1 l3ti111-'. , Ic . liit' )wdell rt'lmore9 lil 'istil v a
ftit CI13 '-4 41i.'.s LilL' arid rvrki' ý %1 i abratin ' 1cajtai'~ . 't-dted~erdtri atll\,".*

The mercuratiosl of !.-rtxlr,'n lt' Pine'e r' Me'lt'- il#4 e-otmpoutndelt heing aiaelwe- the- lesktirreactiitt
edi-obtil or bonitohe-a Ire h tI lilort' Iie le r ivlfll -Y oii-Ajtittirtal~li'* kino-ui: `' At~trivluit- to react-

Nr-.nwerauso% r oil . to lorrciIrrc-%i miimttut of 13Imi I I t M .% ''t, itiviv chlirile' ante1 tritiret l'It yiclorrowMatieil

erhiotomererunferrornon a nti 1.1'-Aie Iltniromiii. it, ieoluertie -toititinii e iire' liketite-i not IturrCA-tful ttlte
rurifterroe'ene ,IV) * A ottud ' of tilipt ration l otl th "111' eoirA~lell elitdatg~io ot-eurrer-ei lIt kitli lii-
c-akteim that tile retil%;~ jprolp"ltillnit of Ill antl IV 41taie-e. lii4te~lth blue "adtseparated which nterr

1__ý,_',gderijtfirtI a,4 ferrcniinuna "Its by vnea-it4 of their
H~ tolubdity rhararterimrtsta i-eae'otiot. andt ultra-K ' violet apo'trat

ft In an attempt to lempa.-inerttalate Ill mutng die'
cirseal soe~thuin seve'ral unex pected riesmuiti wer'e oii-

/ tilled' ~1"ben Ill wans rae-teel aith a Iti-molar
K rite-rn of dwper#4iscd niuma ti'or' in n-rloianeu

Jialutied witL hentane anti the frartinti inktitui-

tit IV 11 ru~tzitl at roomni trinporatur.'. equantitatlke
vie4

utae of ferroe-ne' werr t-litained t, 1 a t'inilar

pfldhittl ai h rnitnan~t 'ittrll'dLYti at'.-. r~enoirnltsl mi whichi the' raction nuiture' wa-
ang. lthe satin oil th ie '.. t ar t *o triit-mink 1',llr I limit rmristlmstd faith~ s. dry ler-e-thrr Isil .luea awl~

%utuiti~lU't I"- rrecuill s Itrel hit urn' vye'.l a Net" 'w.% W11 f elifenitmiem' I-
Tile' mler',irl Intll iif fe'-r.--rni3, itft-riteiII ia,-.1 1% :iirmluri Nit u m% voaelstvrl T1haý ri-tul i. not ell-'

rain likirniftr lIe' carroe~i e51 It i 
3

l'3l .Ce-et iui tes Ire i' " aillolisahlli'.. *ie- heitl m.iediti. tl -osmllus

rikils rattiot, mo'auitre,' of, tt an-ý itr % ' I or r.11,l1- nalltilgaill hut'.- Isrel' trepba't('1 li 31 *.-rt 511111'

titnoal high boiling %toltrill m slq -.1ii, 11 e'1AIl-kl-aat%% peown.1- of tic.- it ';w' Rill:\ it, ti. %itri-tn'l

isierruraltiota of hri' htk'15 I'mirr tlse-.. vntail- R.11;.~ i-r dv litq I" It 111,1 10. ii''iti't i 1dsifi
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11h.trottilline ua.-4 a~doed over a pxcrod of aitnut 5 hr., i

~-Rg order to maintain gientle refiux. Tne reaction mixture wt,-.
then refiuxed for 15 hr., hydrolyzed with ice, and the aque-
oil., stnl ether phates eintcprated. The aqueous laYer %va-

7.PeextractiEd once with other and the combined ether phaiti
waished retpeatedly wivth water to neutrality and dried over

I) Ilrivite.
The ether was evaporated leaving a dark orange-red

liquid and precipitated ferrocenp. Thi% mixture. wall chilled
V ~in a dIrv ice-acrtone hath in order to free~zc out all mudl

ferrocoeu a.s 1has~sil~, filtered, and the ferrocene was-hed
nitli a little other. After drYing the fcrrocen-, weighed

hitI OU r-I l 1~e e.. - itt ni I rewj l~d r I' 35 L. it.p. 173 174". The filtrate was placed in a SW0
et her wits tnot nevii-sa rY t4 oliutaioi V: diret mn l ttak it ti-u I %it h a 12 i nch VIt"rtii column and warmee~

h .di-ol:.s~istit t he low tetinfperatures afforded hb- liiiile ;, lici-..ire of 0.1 to 0.21 mmn. of mercur , . After

tisit re'frigeranti prot Iuci-e rotu Irratilie reitculi No 'Itot: I Ie midlir iotnl otionart i-i ferroeene had Sublimed

vatrnimfrrovne jitsiollated fromi theev rl- ottit i th roli-i Ition t Amrl-phei-n Ibrisitire wa., then reetoref'
i-rl~feroi-ee t~tand thn- roltimn wtt- romo~etl. rinsed nith acetone, dried.

allt tone. itulivikt ini t hit IprbtiiiihlY Ire), .ý-mi tsala to amu irit.pLt.d. Th)- irtive.:...- ,.a- repeated several timcý
didi hot iwettr. uintil all the ferroceni- appeared to have Aublimed. and ontly

I n ii ~t mnner italtalgouis t4o ot her i-otinimmitik of cefttiiing liqufid was% oliservist From t he acetone washingst

th p. RI'gV"-' Ill reiteittt-l readilti wthi Ii :1" i"id itiiotial 6.5 it. of fi-rroe-ine ivta- isolated, for a total

!Zol Uti Pi~ ot' itii50 stnnt to pm - V ngo rprovi-ry of 4 Lti g.
hunt nit pro V in itoti The ci-inai ninit li' id %ia- franeioiially di-r illed asdii g it

yield. Il I arlso retitt t4's ritpidlv ' A itli itoditli ioi '1leh v iit(olmitio tand itiii t illition headi r-qi~ipped for tolt I
in ethanol. a not her reagrent whichnI i, freqjuenttly rethix After intat tdelia, -ion into low% anrd high bo~ilingt

tiotedi to i-ott ert RI IgX conttpounh li to R..I ig cmoi- fract oil- I othI frailbion. %i-c. redi't illed 4tfirmligi A I12-i!,01h

sinotiitk fitt thtis reactinn, two qtahie tturtti of V Viarerrix r.ltimii i-'liiuelq, itl it. -traight take-off head.

wiith Ii lifferen I meltIing points wer islae. Volloitinit r.--.ist illattion, 36.9 'it. I09% ýirlit of I wait

.A tIeutt pta to) it elalaIcit ferroserne iliret'iv t iml oblaiii :t, I t itark oralige-rect mtob ile liujittir p~s.e-itii ut
ustg mild cedar-liker odlor, 1-1i 61I t65" mincirr., at 0.04.5 miii.

rither lit hiumr a I tiul in ,t-hutyl- et her or tIispNerud tof ineri-try-. in Ii. 213". 4' 1 W496.

Mxoliuuu in tet rilivilroi;.-rian were lunsurt-e-tsful. III I-sil (':%ell for (1 1jll~sSil~r: U. 6047 'It. 7.0 ' Ft,
thel~ttt r rsaat in ia~t~iiIcrhietiet r-t on tf 211 63, SiIt, 10. Found: C. 610.3514 Wi0OOl. 1,7.,17. 7. 17;

the littler i'--rere. vtoi.leruiabll destructila on ofer~- h.2 4.2 it i Ot4 O
feriwee ocured.and inll itiunt offero- Thbl- ither boilingX fraction plft~~Ic'td 66.5 K. l27

% ¶ ia-it
o~ialt wtere i4sulateih. of It. Itit %.7 a'-% oitcorr i tt 0.000 to 0.070 men. of mer-

vwury. m.p 16*, ast' I 3454 It vtas simnilar in apipearaliceo
EXPERiIMENTAL. to 1~. althotigh its4 odor was* verv faint.

In uI. ('l aled. for CeliF:C, MIII: 11, 7.93l: Fe.
La~h'iumo. f Ari~~ae aS s~ae-.ct nrb~auaa In 16W,41 St. 17.110. Found: C', &S.30. S35.13: II. 7.117, 7.15:

Vitriocl. the peucedr.-itr folilta-.I wa4int silar it) btht ile IitS1.63 ItiAll St.II5. Ifisa2
'-rrihesth It'. lfrk-ecr. (.oggin. and Schroll I Fnr i-xanmple, tAwitiirtroee(1111 ant .'stho~m'~r
in a t ' %piral espirnimri-n in which 0 I2 rmdeiii a-tai- IMY. if-ee'n~ea IIVI. ,1 (Al aua-i Mket as the solrit"I. In
lithiumi in 17S nil of anhtiroti* rnhYI et her at racte n-antiil modti~rauion-. of tlite proestr t14ccterritied liv Nos-i
'tibh 17 7 git 1010.1 nioleol of fetrou'enr in 21111 oiil 4i ether. M-%M0 P!t 1' .%Pr 1-41 iItei lvnria ertoo h e

I :0 Cof -rher~ stll 0 t f te trinr Ald rt, oh truit a lllu,.iat.-sl in Table 1. 111t a a' obtaitiie in the
tn-t Tb.- nrititalistatin equlI alnt *.f the criatle acidi. fi**-'f gd.- r l A lafeIt, m.p. 193 l194. with deromp.

,Itstertihesl 1 .i- i-s ticall ' in aqitroti' ri-lth U1 soni tion. miii .I i p 4 1401 IV a %%it iitolnti#4 li & vellou Iw~wdery-
VAss P%. indictni.1ia Aaltltltiri- of ata'iit 3 part- cil'v olid A hic did 4404 melt at teinlit-ratit-i~ tip to 30(1'. Whenr
ferroui.nr ito I part diesrarl.,%frctirr.nr. a-tiiuiing ihes. hricatedt rtevartet ti-nipecattir-i moer at partudof time. how
are thle 01nly , iwo ncidslo ir- -ht eive, in.'.- ilecomi -itionn ato ittiseeved with forsrorone Pub-.

i I or .1and IX-'41 (i~Alet ~I~fteet.. liming onl the tutbe
,,nir kIll A stispen~siot Of I3T3 5g 9O 75 mor-i if fi-croc-tie I IhI Mbartell ut'to CIini as th $1r iohl A -Wittmlli of ttN.6 t%.
in 10t1 mi of sn'ithrotis .thYl ether t.Ini-t anid ditilled, 0 101 mollei of feccos-sute in 400 mi. of gtlacial acetic arid wa
o%"r iaceho' *Za.. pl~zied it, a :1-liter. 3-nt-s-Ld fla-k. filled lit-atr- ito rrfltix. mtodt a -obltion of 15.1 .9 ItrO mole t~) o

Inletia .*irrir r-fiu I-hsu'ridtit't altioi nit.-!. ..ii'to iiici mereur'c AtetotIn- in 100 ml. of hot gliritul aceptic acid A ai.

.. ~ ~ o uikti' - h eiii .addlh ilit ildtite uilh stirring over at period of 1.25 hr. Followin,

Voluto h mdio .alli-frtri- pinrlt . e nittitit on the reartioti mixttore a as rotluxed fow r

iat~itrog atmosl.Ia.-t for 44 hr at ttwint ieii.1 a-rat tare, duiring hilteritig from a 'maill autoititi of titetalic nierrury , Ii

ii hich tl-inin-aie IIIn-ml pripltit- ' -paratil froii the ether hod 'epinrateditI (4 it 1 the 61'rati wam mixe-t , with at 10o11-

,utuim 1\ itb 1stirrinrit. 163 0 i t I 1 0 mo -t- of 4 cimet h vI. t ion oif I I '._ it) (55 moli- I oft 111 wittiirs chtlociile in 100 nil.

' h ,I~ tI T he tra ti n m ~ 
tu r t .% th n tir ril tt d e r a a d h en Pti te fo 16 h r it m i t em p r1 
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of a 1 :1 minktir' oitatitiOm l :%tidl %after A lirowit solid Sepia- siolvent by evaporation left a yellow-orarafe sotlid. Thi-
riftied ( A). %%:tlia. ,i ua-lied '.Iit iiIteizletiie n remrnti' solid1 end the injti'liv inkouiilah matorial weire ixtrtactedi

fi'rrocene: :atter lr~vifa Ill.. -tilia!l weighedl 9.5 m Will t qnmall qtirvruitit of boiling xylenie, filtered, andtit#-i
The blueit netidi flmItrte wt-i, dilutied with 501) Fla. of watier filtit ti' . of d o prod in' 1.0tif. (70% y ield) of oranage

atid ;, yellotw solili vinrmitt,'' % lijli ;ifii'r filti'rinii. watshinK c'rystals of V, itop. 235 236', wit ia diecnmp. (lit. m.p.1
with Walter, :,tid ri'er..t;' l~i A off fro nt ~vrlolit xitne pro-diii'd 233 2:34 1. .Xcitlifimfi jolf tilhit i ,c mittiiot i- fihts' pr'-
ak S111ll anititi f furrite-ne. Thei filimteri wits "irred with ilti',d not torem of solid iteidic tinti.'riak
50 X. oIf "ndrit'te for Atomii 2 lir. duoring which timnie lift Wheat till-' above reraetioi %via, tarrit (I out at 50' inO'.i-aI
hluei color t':i- di . Im rgi'd . l' ratim t it', Witlit benetei. :a idl o; 5 c:iriboiiatioti mnid If .i rolv~ i- ptodticedu -( tf VanilN n

removil of till o' lvenit lprodil' ut i :et:i'lit ioliml I .4 u.ý of sotaie light vi'lliw powdler ' -il id w ~'irIi waý i nsd abile ill )lot
ferroceitiv. Front A. lott HiII midt IV wiere' ibttiinid liv xyleiii'and ill diltitf. pota'-itim ii vdoitli.ile solitiotl, blt?
recryst gll i,.:ti itt-i froin hot I -ittt:uinol. Tit, total:o.. stooit if whichI did rvi-ict %%ithlia hyrocuhloric aid to give -1 bilue ~
III ýSi-oleted W:ý 39 ag.. nilp. 192 ltt3. Wilit teoltip.. or a htat. At'itliftiiit ion lt hi' :itiiefittis Layir lurtaltiu- e a Itrac
Y ielld (If 14 '- Thit( t.,til a:ttetitt of 11' jiioletdi waiý 2.2 ag., of inisolublle' vellt ,w iiaturigil.
or a totail Y ieldl ofi I. I . Bhctziim,i i'f I II irith .stid tin Inau n nitc. To :% .1s'iipe io oi f

Attem iipted rctritcin #4f Ill wi-th fri ,n, thuii~rInroxilitiiri. T,, L'. I ag. 0.M15 Inot~ i' tif Ill ill flt fiall. tf Mr5% ethanol land Sit)
:a warm ottlutiontittf 2.1 it. (W0015 nmole) tif Ill iii 100 fitl itf faitl. of w:%ter wa-s midteia ittslutiotn otf ,'oditini st: mileti, pre-
tiltiene' (drie'd oive'r isilki wi'- itile-i 5.4 gt. (0.05 itnili' if % iottslv ItrepardI- .%. l m tixinig 5.11 g. of od~iumii Ifvulroxile- it, 25
trimpthfvrlitliirttilmiti. Tip' rem-tiiii itixtoit" w:%, -tirr-il fill. iof Wit er Witlli I.s m. ortitt taiztis chloridle dihvtlrate in 21
iiot14-r ait itrititiuti :tittimphiri' ftr :I itr. mi "I)'. Ihtrinig tlii- tItl. ittWitter. Thei' vvulliw-iirmiigi coloir waý jtnitiedimeiiilv
period thi' tiltit io hitilrki-tit Im :I btl ill#,i ol ii elmrte'l. - iiieharxed l aidi :% grnic-bat'k Soidi ieptritetld After stirriong
Tht, remttitit tmixtutre' wa, dihilt-It with 1( titll)a. itf coiltd war fur '3 hr., lI if( titixt irtin' a vacitinim filtered, the, -)lift w:i-'het
:aid filterted. The light butt oIid which wztý Coll'citid Wi-ý well with Witter, ilcit-tI, got itlge , Wligii- wi :ta little htiilititt
washetd with wmiir :%ill with it ttliti-n itl anile, weitizhiin xvi'pno-. Thei re~iiltie cnkttuvitt of a d~rk gray stilid cutal-
1.2gI. Thki soilidl wa- iui-ilihti-i iii c-ititieini tmirgtit ' olvt'its, tamning aglobltui' if itttt're~y. Ul-uii cotliliigg the x 'ht'iii-
only slightly siiltilill-u txati-r, o ivilw- itiieiterailY ohiible' SONitioti, . I .1r -'fill if N sepiarztitd vs vi'llow-ormiigi
in dilute, hYdritellirit' nrtil. ftrittntg a% Wifte -iiltitiiiii The cr vstals. ni~p. 2301 23V~ tiocorr. . 1ti-crnstdoii;atioii trout
Kltie coloir Wits redidll dirie rizedt u- : i adlit ion If :an \ vlenf. ninth~ the tt-It i na poitnt to, '2:14 '_35'. with tlecim p.
exc'sý of -i ilitu l liiiliik Im o ide uujlt~z.Th l'tilt m~vii ilit Itiarlino,:if I! with tab iu mt . itit int rlhani!. A~ iixt tire
spi'ctrtunt of at Stiaudt sample' in diiitti ItYtriuchloric zacil wis of 600 inl. if 9% itiutatio, 101.5 ~.itt osodititt iodidie, gnld 2.1
sintilir io (hat repotrted fitr (hi'ferrivinitiiini iont."~ Frimiti at-ti ii, 0.005 iutioe of I IIwa", ri'iitxeul for 2 If.. Att-r viutrinio
*.tiiinii lakYer 0.7 t. iof fi'rriicene, wais ri'covtireft. tlift- hot tmixiture :a ' elliuw-oraittzi -oiii mi spart i .ti, m.1

ti similar ex;-czniotenti wn. cairried iout uising faiei 'VI chltt- 215-225' (utnctjrr.l. T1wio rter ' st allizAlt ioit from xYhu- t
rule iii hartitt of tineth vtlchloro-ilt oh. In this rn'mtetion producetd 0.9 x. I14' yii ed of pII V, m .p. 2:15 236'. withI
takit at sintilzir Wagte soilitd wa" iso~til atnlmd ferrttci'ii vt- wi d erotoip. Upoti t'ooling lantI coot-untrating t hi' etiltauolit'
r-ciiveredl. tilt rate t here' %%I a- tuitnimt' 0.5 K. 35%s~ yield) or gtfi titan gi

Riirtwitn it 'fIll triMh di..persid x-hont ii. ( .. Imitlttiiiti ofi ia %sitallinit sotlid, till. ý IS 24C'. Iti-rr'ntallIizatioti from
*hrmirite. In it 3-nicke- '15t0 itill .k~ 11i4.itt lilm- '-' 1i m Nyl ieu priultietti aItt jul10 foirmt itf N, in.pu. 21,4 219t', withI
(0l.0.1i motle) of soiuditi disfperitn (40% i! of-tontini', :%iltli lth-cop.
the dlispe'rsioin filutied wit h 50 fail, ofit h.'nzini (idtied tive.. .1"eai. Called. fi ir4 'ncIl,.Ft, II : C,. 42.091: II. :1.19: Fe.
sodlium)i. Wit h st irrim n~tI taid itller aitfalroiten tilmiutlhii-ti. la.gi7ý Ilia, 35.16ll Fottund: C, 42.01, 41.99I: IL. :.29, 31.15:
2.1 it. (0.003 anilel titt Ill in IN0 fal. o f wairm driied beiizene' Fte 14.46, Itt. 4 1 : I1g I3l,5. 10, 35.24.
waitat gideil over a periodl of 15 in in,' finil hi' react iiin mit x- ii, tw w it duit ittil experittu-nt buthI foirm., titt N' were
tin' stirred at 25' fur 3.5 hr At (liei-nid of t hit (wrritti obtitainediil i tcitc ct'ii. lThe inifrarei I i et' Fit of bilt it formis

:15 nil, itt 95 t" ethnnol wits calli iuislY gadded, fotlloweid by tit V' i t'iilh iii Nutjoll wire ciý uiietel'4 ithint icdl
50 nil. titt witter. Tili, hytirolyvteul ttixtuii r waa filltiri' wait ti tto- is aer.i
stir. on find washedi thoroupthly with hot Witter atid wih1 ittrqti if 'it'ntIo:wgl xrs
benlenip, The rt'sitliie which it-itinaited (0.92 g.) tappeared t heir tipprec'iat io to Mr. F. F'. Bentley amd Mr,;.
to he at Itrzy potwdetr ountiaining small git'ohtti' itt ni'tr'lro N. E. Srp for lt'e intfrairedl spetrit We ti re also
The filtrate waus stiparatitI into lraYirs, thie aqueous plift~- ve~ry grateful to Dru. Eric Barthel of the E. L.
t'xtrartel Withi benizeni, hin' combinetd heunient port ion dul Ili-ft tie N'uIIottrs i 1 (oI1. uii i r o
wkashed with Walter, aintI thi'n the hieniene sitlition (tried sre ofn t1e 0.d 1(Il. ,for14 tee ou Dr.pe ROf
over titnhydroiis mmagmesini sitifatte, Filt rid tiont itlit till f h ,tdeC . orgnru mm sO

tirviRg agent a ilfntd met aprat ion oif tie qanlvent li-ft 0.112 it. ferrocene whiti'I halv' beenl tiet inl our rest'trt'h
(1);% yield) tit fo-rromi'ii, inip. 171 174" (iincorr.). prograil.

(it). Iala~dteio tat rocairnri (V). T'he aitplitritita
land qutintities of neat-utam wiere thue 4tami'a as. itl hititid ill 11l lIh)GRtAP1IIY
(A). After st irrinog ait 25* for 3.5 hir., hi' r'artion m!tuttn' (1t 1,. j. li'p intlo laid1. 1,Iliiitititm Xiii ar. 168S, 1 039
wats rxtiired onto it nmixtur tin' itrY iee fiand et her. Aftier (11(5).
cautious hc~drol~ysis Withi 95%,o ithtiantI, witd Witl waiter. thi' (21 S . A. \IilItv, J . A. 'l'etboth %,Ii ati 'trettiaiiii',

mitxtutre wits vtiintm-filti'n'd, The ci iieouu fintI hie'izuteii' J. Chttifl. Sca. . 6312 I 9512).

ltiiaMs were si-turitteid. aiid fit.' hi-nm-itt tlitisi washeud latni :It Ill t li.An mid stitt'uii't juilm r, frotm ,,.- . labtitat o

diediit over fift utariloutimixigittsimni sultift i' Iti'ttitiiLO (itt tihe'ili'- Ke'utuic itae tn -rrot-ie wi'till he' uisedi iiit uni tit
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the more formal dichvvlopitadie,,ylirm, (1). (11) A. N. Ne~mey:n mv and N. A. Vol'keiia, Dala,

Fiarthivnrinot., th'e 'stItu , oii e:.'i:,ltrllre ;is oit- .Ak .uetzuk SS•, (, 107, 26' (1956).

lim-d b.%. ]iv.losfiiblihl 3, l Ilih1 adopte'd. (12 ) M. Vogel, M. 1). Itnuseh, uand If. tose iIerg, mlii-

i1 For excelhlet rvi'w', oih ub Ii zl~juct, tvv: E. 4). pilit~sed resuill

Fis•i her, Anyu'. h(hrm.. 67, 475 09P"55): I'. L. (13) 1 ,. |1.1'mi2Oi, .1i.|. (m he,,. Sor., 76, 2187 (11154).

I'llsoui. Qa•rt. Bitis. C•, 9.uI, 39111 (1155). (11 L. .1. ileluinuy, The Infrared Spectra (,f Coin pl,.r

(51 1. A. ,nki-r.er, 151. ;tgim tih, nd ';. ,chr, ll, J. .I Aa Mobh rh,, pp. 274 277, ,john Wilehy nnd Sonqi, 1I1c.,

('C ho. Sc., 76, 4;';. (1954). New York (19154).

if;) A . N . N v,.u , yanovh , L.. G;. I'ert lva h)\a, It. V.+ F. C. W hitmo ri, Orqtmir C ai ng ., ,,f .11-,1- VIL

iiva. aind (). A. Ni. nyi,':itiw vu. I)ak•,'lq .\1al'ir ,k 35. 171, (Chemical (Catalog Co.. New York (1121.

S,•,R, 917, 1519 11154). 1I w) K. A. Kille and 1'. F. I[,ith, Ild. Eng. Chem., :i i,

A7, A. N. Neo,m d•a o\, !1.. tC., Per ailhvzi, It. V. ol, 309 (11912,.

aya, andl I.. S. Sl2ll2tl i, Ijladyj a.1 k ia 17a i'or -\ample, se*e W. I). ,"iAroder and It. Q. Breui -

.NNNUf, 10, 5~35 (19551. sotr ,1. .iA. Chew,. S,,c., 60, 751 rl938).
(Ii F'. C. Whitmrore, Ortlanic. (Cwmpound.i nf .Mcmir•at ,

t91 A. N. Nvmi wiiuio. E. (i. lirevaluva, andl 4). A ~ pp. 38 81, (hemical Catahlog Co. e±w York (01121;.

N esim- ,ivanuioua. Iklad1 .kad. Nauk A5 , I 1M), l, 0 H. Gilima, Organic Cht.mi dry, Vol. I, p. 550, John
1;099 (1955). WVile\ and Sons, Inc., New York (1943).

9)t' The. structtural confligiuratiolt which is showni for ferro- (2 1)I. 1.. L •lza'nrd, .I. Ani. (hem. Sor., 416, 1510 (1942,.

t-tn is user for | otiveuuiiien uli\ fihl -vkuti nature 21, All mniltiti poinuts amu boiling points tire corrected

4f the building is still if] di,.Ilti les!s otherwise noted. Analyses were made 1,"iv

It)1 N. Iii.nhh211h, Ih. 1). lit,,i-. ]larrard |' r iv,,r.it y, Schwarzkikopf Mieroatalytical Laboratory., Wood-
1953. side 77, N.Y.
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Part 2. Some lIteduelion Products of Benzoylferrocene and
1.IX-ibenzoylferrocene'

FIS-1- %C~T - The reduction of hen zovi-- and 1. 1 -diben zo-.lfrrrorene
to hen:i-l. and I.1I'dihen :v-lfrrrocene has beeyn accomplished bY
either catal ' tic h *idrogeneation or bi. reduction ucith sodium and
e'diunol. l-llv-drar 'ibenz.ifrrcn has been prepared by. the so-
diun,, boroh vdride reduction of hen oivlferrocrne. wchile the reduction
of 1.1 .dilxenzovlferrocene u-ith lithium aluminum hrd ride has
produced I.l'.dli( I-.hvdrarv.benzvI-)frrrocene. The action of a num-
he-r of other reducing agents on these an-/ ferrocen~vl ketones is
discus.;ed

In the FriedeI-('rafts reaction of ferrocene. hen-
zorl chloride. and aluminjiur chloride, both hen- CH~cIC4 * OI1CAI
xovlferroc-ne (1)" and] 1,1 -dibenizoydferrocene c-< )
(IT )34b hiave been ruporte-'lto be tornned. We have Fe F
further investigated thnis reaction anti have found
that by varying the mnethod of addition and the H .
Molar r'ttio of the reactants. both I and I I can be
prepa-.ed in yie1i- n!3re sat isfactory zhaii avy thus IV
far reported.

Although ('sendes" has reported the preparation The reaction of I with the binary mixture, mang-
of benzoylferrocene oxime, our at temlpts to prepare nesiuni-magnesiuin iodlide, hias been carried out in
oxinies, phenylbydrazones. and p-initrophenvilhy- this laboratory and elsewhere' to produce sniall
drazones by thle usual methods were Pot succes-sful, y ields of a reduction product 01i) similar in ap-;
By resorting to mnore drastic vonditions, however, pearaince and p~roperties to V'. rhe ultraviolet and
both bcnzoylferrocene o~xinne andi IXt-dibenizoyl- visible spectrat of N' and N"I cre completely' ideni-
ferrocene (lioxinie were obtained., tical, while tine infrared spectrat are very nearly

'rime ('lemninemnsen reduction hils successfully' been id"'nt icul.
applied to tlie prepairation of ctlnyl-,' * ii.propyl-,3  it was initially suspected that lthe reduction
si-butyl-,' and long chaiti alkylferrocentes' froii tine products V am' VI were lthe xym-pinacol. sinice, the
corresponding ketones, ats well as to the prepara- intigrtesiunimmmagmmesiumn iodide mixture is coin-
tion of 1,1V dibemnz3'lferrocenke 0II1 W front 11. The mnonlv used for the prepatration of pinacols front
reductioni of I by* the ( lenmnensen method prio- arom'atic ketones" and lthe ('letnimetnuen reductioni
Peeded anoinmnlotisq, howevre. Upon extonsive re- of aromnntir ketones ovcasionally produces pinacols
ffirxing, it smnall yield ot the expected produtnt
bemnzylferrocene (i V), was otieahug tne rather t hon hydrocntroons. 10  c ~emmental
primnitury reduction product wats an as vet unidenti- annauly-ses; of both V and V'I hnave indicated, howevi

fld nihl melting orangere soi V. nsvr litat only carbon., hydrogen,. and iron are preser

experim'ents V wats the only product isola ted front, elinminating ltne possibility if at pinnaco! or utll,.
the renntwoin, oxygen-cortanining compound. Thne structures of
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V and A1 tire currently being invetstigated and ON OH
dietailed informiation will be published later. CCH -J

Atemtstoreue 11 using magnesium-miag- HI I
nestuni iodide in etlhyl t-ther-benzene solution
either at room temperature or at reflux resulted in O
life formation of ani iniso)jhle complex, andi afterI
hydrolysis onily tarting ketone could1 he recovered1. C
Prelim inary experiments inulivite that rieduction (,f
11 does ocr'ur wheni solventF capable of producing VII Vill
higher temperatures aire used. EX PEtI NIE.NTAI.1

Wh1 ile I did react withi ngeiuomgis tm U e:~fro-h I wai- tort p~repared It It ae udropt-

iod ide, it failed to undergo two o1tier react ion-s "i acto:iitint iot f :1 ohil'ionII of "91 niolar cliliilt iti"' of

which tire cornitionlv usedl to reduce aromnat ic ke- 1591 £1 ot frtiiril.ene ii'in Inietinrhiorid. thord an o~ lthe
tones it) hiniolcvrular derivatives.'2 ` When I was iit t ifrr.lI.iajgn hl.ehodj1w

--. t rr-nlveum. After hyd'rotv-i- and0 producrt workui", 7,G.5V
atIlle seio t-ral dIl 'vs ait 25" withI powd eredl zinc ind yitl v oit- dfiark r Io'll-of I ue.,. obitainedt by wervit all;

glacial acetic aHeld. only start i n keotion was re- zatiot (rino fro ethatiAno. m.p~t0. IN 1014.3' fft' *111.

covertd. lIn ait at tempted phltoioltetinival reduc- I 12-O*I. Extrnji% I retluxiitg follow ing the Itdditjott u,,itatll

tion of I in 2-propanol. nearly all the ketone was re!~r l O~ ilO %e~`,oPjh ur.MI
recovered atfter It) days 'eliostirt to stinimghi!. andl Il-hw~~~eroe.I.~iitfiaino h io
only a very sinall amoun11t of insoluble imiaterial re- C.41t11`1' alrolaiv relsrti,91 4 ux adopted 1) .v artdinit the ferrit-

sulted. Tfhis appeared to con t ain most ly iron retie tit mneth * % le,: chloride -oliat i-i to -ltlithtv wreater thats

oxide together withI a trawe of crhronaveous mat- ttwo eqtiiahlent v:iih of twitjoyl chloride and atuminiim
terial. It has sitlIC been observedl in this labora- chloride ill the ~anie -at' eOL. Ili thi, maw-.r, SI !11':

tory that ceranin derivatives or ferrocene -1 ril~p. c!3 IIwr btie n h 0 m fpn' et.~
hydroxylic solvents are subject to phoktochemiicalh ')bm1err~ diaz~ioar. A sototiou of 2.0 a, of
(le-m~iplosition. lIn P control photochemiical ex "er- 11, 4.0 it. of hvilrox ,vlarnine h , drochloride, and IC-.0 a, of

inient uising benzoplietone, at 97% yiiý-lt or jmlta.siumr hydroxiute inl 100 ml. of 953% ethanol an, rr-
henizopinacol w-as iutinine. fluxedl for 4 h~r. The reartion mixture was pouted into 400

BothI ad I cold e rducd t th core- ml. of water stnl acidided with dilute hydrochloric acid. A
Both and11 culd h retucie to te core- ellow wilid weiglhins I.S to. sepArat .ed, mU.p. 164.1615

sponding hydrocarbons 1IV and Ill by either tiincero-. witl% ilemmp. After sevetal rtecrytallisativn%
c.atalytic hydrogenation or by "chemicial- hvtdro- from metharol ahil Watkr. the dionime watt cotlervtd it. the

getiiitioi, usinig sodiumi sutt ethnitaul. Althoughe f,.orm (if gl~den-yellow er 'yitabl, m.p. ii417ts. with dev.
both reactions proceeded smioothly, the latter was I taaI. Caled, fer (',,Ilj,FeNl,0: C, 674.94: It, 4,7-3: Fr.

more rapid aid prodtuced much better yields. 13Ifi N, 11\ F o uInd. C, &S, 12, 614.07. 11, 4163. 4.73. Fe.
It has been reported Ibtat the. reaction of I1 'S% 12.90: \, 6.36. 6.4%,

Neea~feeeeeeaj Ine %nmanater similar tothe prop-
with aluminum isopropoxide in isopropanol pro- Aration of the utiox'ime. eiotercn oxinte was ah-
dueled I-propoxybenzylferroocene. lIt a similar tsitieti at gudu- elo rittalb. atop. 196I.0(lit

experimnett in which the -racrtion was carried owsiti at 16't

htigher tieniperat ures using xylene sas the solvent. Mr4odion of i hy Wh C'lemunmeasema u$hod. A mixture u o

we isolated at smnall yield of I i. Ini only one other I~ S. of sine dt 1t, 4. it~. of mercuric chlaride. 3 ml. of con--
of ktoe y huim i tent ated hvitirachloric acid and TS mi. of water wwiv stiritJease has the reduction ofaktol tOf 10 minL'in a 1.0tlm.m .3-necked Rasak fitted with Wlitter

isopropoxide been reporlted to yield a Itydrcarbon,- sandorfluitcudetwir. Th. aquerousphase as iarvati ttb

ntamely, the "educt ion of 9,tl-diarrithylarithront-10 a piprt and thr amalframated sine was movered with 30 mil

fin xyieneo solution to n1.9-dimethy.It).tfl-ihYedro- .1 watt.. 60 md. of ncrnrtratrtilhydruhotobl ac" ilad tOO

ftnthracrene.ll ml. iiitoltiootn. 1.'wathnded14.0.6meo
The ~ucton f I ith odim booohI and the mixture wall ttirynd under rrelux for T) hr tOur-
The educion f Iwithsodim brohytitroe1 thiolioriod. Aive IS-mi. portion% -f coritintr'ted kydro'

aque~ous nietbanolic solutiotn proceeded arnoothly thlorir strid were addedl oceaotoonstly in order to trepleioh
to produce the expected carbindo, 1-Itydroxyl-oxyl- t he conernt ration of acid 'Pon coQLfng to routemprMa.-"
ferroocene fV~lli, 11 was Iikeviiar redulced 'eodily lure an app-rciatile amtounta of remito a clid ha riep'Wic'.

with lithium stiurittunt hydritl- in rther-t*.%zrt-te andt the reaction l~Tuoture was filterre and r i'd with
hait t~olune The combined toluexae inirtioa 01"4 1 to

solution, and tlie tarry resi4due which resulted was noutrality with water amAdied nvetanhy-lro .gueaiunu
purified to yield 1.1 V-tdif -livitroxybetist~femmccnt stulfate. The olid whichreandte ea.. onfth

(~'l II).olvent wda extrarttrd with 200 mi. 4 %ot methanol,. the
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mtmhanol aflbtutiol) wao con~tr~tited, and water was added H-4rhs sefao I by stoebobbie and ethastil. .A mixture of 1,50

to) the clotiut 1aeaint Upm.': coeulinx. 3.7, I of loor.e'.;;..- It -(A.0052 moee of I and 50 mi. of alooolute. ethanol wms

r-,ne' (IV) 11'at-I. I wa- rerv Alla~ei trdrm: e-thatiol %.armned Into lae,.a 4.I' elurinst which time' all otlp ketorb,-

and wate anti waý -a' asitl as ie'llow cristel-. on.p. 7:3 N* dimlvoI-d. With otarrinit, About 5 '-. oftortalJ ch-an chunkt

(lit, I ofj eeodjua. owtial um-a wrid.-ei at oetch a rate- aw to mtaintaina

The. mrtl::eauel jnooteleavltl- artaeoe vx recr-e-tAlliA-A~ t-#rraI 1w n-ra-tivie, lernioratufr. lib-tae-en 60 and 70(). lDurnsi
time,. frotea e'etlp %'t iiletw at-el l~irta..e. rvdeloiviatic. 'r tits- adlditione the r. Jrtion nuixturre hanited from a trdrolore

".ahepitaiti to lerealta-.' 5 4) x o~f ,att 'ratE. r.r-el -11W I V) V eltarme-ternae of the ketonew it) a thick yrelow -twang.- odu-

Iit' not melt li W141 -a: uw n.' poinkt l.-tIrchunatli'mi wa, t ace,, Follcew aug Addiltion eel all eel tIWh-*ois 25 till, of

naade in the- u:,.ust maataer. tece -IA sIoletY 1'.ipee whe-n .'eetlitiecnal e'thaetecl wam added anal the' '...ltiov, wa' 4itrred

.14-1te1l Omni- 250 :at rogeti teronejwratean- for ait atbldtieaeal hour- Uatitrr waA

Alva, Votu C,7 '.16, 71 :11t: 11. 5,35. 5 i3. Fl., P9. Ow4 hen addelde until tm -,osulioecn ieeseamne cloudy. and the toolu-

19.92. twie, was- riteoles Afte'r Iilta'nag mnil drvieut. 1 0It.4 19P%1"

When., t h-' :eeei' .aectlon wa;: earrac-' oota eastou l Ie .vieldi of .elo v Wal"&t!, .f IV A3- eslleljee-d, mn.p. 72- 731.
ke-teeti awl a '-hcrte-r tuete n-ae re.acto. V was tie. touri P-aw r.'e-tliztw e troue. ritilaoll and wmeer raisel the'

reduction prewluart isnlatc'l. tewltitig leoit te.lsi 7:1.5 74.0'

Rvcl,4Ca'gae .4 1 byAt farly ,.eaa, Coo-,..caae~',~a's -a' lede. feeor .lF' 4'. 7193 HI. &%tS. Fv. 0'.
porsitint t..lviie T,. a: aneitore ef 1 7 at it) U.to K Atom eel Foeund~: 4'. 74,07. 71.01. If o; M~. &0b *: Fe-. 210. 11. 210 Ur

p~wderred nuaagneseaem in 51t nil eel e'thyl e'ther AntiSIR toil -f In Another m-rime-"Wtat a 95", tie-d lit IV wao. olosine-I

dried Iwrna tta- wa- addeeil sel i er'. *,f 11 willee watt to hi, pm-e-.t.rs'
stirrinig A.ftesr la.' filt fe'w vi..laae e'r -tjl. hal tae'n elc.'.-ksIre,ml Of 11 PAw tobbolsisol eaa1 theabod. In a ,nateaer itne-

tho T.'arviont ixtauirta was a-arnie-s tee itiiaet.a11-0the reae-:e.., alar tee th'at 4l~--rata-ett for the t'edeuetibon of 1. atawat 7.3,g. eof

whach larue-'sse's e'xthe-rtnatr-ill the-re-afte-r Aft.-r aleeceet obelioni wam-.edee to a -bh&.titee, -it 200 a 0fft1 mo*e

'11 min. th.' r-actiocn was esenajalete- 380
1 tIO- e,,:avure was 4e 11 ait 75 teil . to eea( '-thnnol at 60 70' 1olos eing

nearlyrcolorles Toe till-. noI ture was a-l-le'. 9 3 K, -#)LQ 413 dalition eel thp' .eeelaeam,. 25ý MIL Of Milelojw.'l e-thanol SM-

ateole- eef Iain Sit 0 of elown-nehe .%~ e..e-p % k
4 et ,'sel.r fe.rie-el A4-1e Itee the' thic-k ve-llbew otluatoon and the- mixtuate am..

io:eeohto -1iitlli, ul.,t .... eaat ofl the kertow with t he no%% tieaa. .saa'-nd feet I hr at rsmina tetulloratu'v. *aea~ a. aa4de-

rr'ntini-ersnt ot the- color of the vnetal ket'el, :s'perie'.' by %toil th.. 'cell-aeew rri's which -jeparate-d Set- ~ere l mdand

(4itherrE an-! Nlsae.rann, And later aeerke'r After 'rtatas fr-.e he.U e~thanuol lIoWW relleew1 avtWeAb Of

shaokingx on a taeahaaa hakcr oe-ratoisht the' re-arti. n I II wier' .dait tama-el we-thoilt 1(10 s. on p lOS 1061. From

oaaitetn wa. h.-d..Ints-s withIt311(lg Id W. roltutaan eng 23ml the- nwthaealhl mother loqtoew ale m-Niettitesal 0 414 it. of llt

of n-nei'rtrate..l h yejtrsChlslra end The - thrr4*,anes'tke wx rtse~oiere for, a total %aeld -4 %01E

taici was v.w4see with llalutp -ewlatam hicarfowm-eat 'eblulobbe. .14w.. C'a3" few 4'sleeFr: C'. 7% 70. if. 6LSi. Fe..1 I.' 2

'Idte. eclane -~suliii "ilit'at -4titk.e-. smite. tId cIrasI e-t taught 1.eiaatI C' 7% W0. 7 - 31. It. 6 16. -. Job. Fe'. 1AS41. 1302

eterr liri-ritea Thor 'el i't ws %. arte atiltI the -40ele %e oe1IeL" s:Wltkatg point teit eL a a=11t ll fift-jasir-e

e~..~,e'el. . . 7 g .4 Jrrtble' I ab.. Jtaftreel, isa p gs111aeeesa aWiltl I atta'saIWI l'is-h the- two M.4taa

The. me-llthat! ttssulutlbe~ nalenal %.a. rcrt 'txstaesso- A'.'nst"ca
se. e-,l I ti- H !eeaa) hit a-twptaa ittee t. r'sdeses 07 of V I InR-let Pao~e t x~rnfa.tt1. A 2.'v %ite-I Of Ill Ua- OetaMM#Md

%'Il wao ntaete-ioni S. SAe- utaa.tow-.elrrItm. Who It did eot lo, lthee pass.K.1.',.'

me-t hot -lowi - dirreoeetio-Aae at eb-imtseI teernw'ratoroe Ofefe It eLo h-~e rtla eeleemaessw Apleetel To a
10m.4 Founda. C. 14IS. 7 4 2%11 . 3(us. 32S .1F.e - W1.i sl'tarrOral i t oj 004o kO Peee-olleade-ftd t-holamM &%i.Umk

h..ii .31111 mi of pit her waa a~ddelI-IItt to OW smail

t'a~~al Via' ~ hpr~wt. 41 le SMIaull0  h et'e.-aIe I4 at. 150 MI eel Iw-ae-we- and 5 M of r, iht. oWe a I Ill

leec t Ie w-r" flacev1 a70g0t 01 kawoe i "t1. 10 a .1 S' IN~~ 'Flee fr~ati~fe mituum *ac .r-4nuA.. witlo -ttboltz

tautnon clita-robot. ARA~ 21)"m aolf otuletls 1'isoatame. W few lke- L Ceele's..A vatedeewtil elbfll -unt~iA~se by Ailleto ank-
Them onltume Wat pLacw-stee a l'rr hi'etu'e"e-e tatt.m i pipam-atu. WdfeeaM Cile aitafill ltfoft we141 metlbbtf %rl,- Wti~t'L tile

m'fft )er`-.'.La'4 .'S P4 Lu. -atetr abiout It, hr a Ct'a'ee-v tat ellhe-'IA pea.- ama amhes wath5 wale-, &ad eteW - t :e*I-

uptake-a k.f rvdrsogn am.& gobitiel Thew n-tal , ct a~ a Ite-trid eot.- Th'vblt'i sws-i.o Ct~a. esawted "tow~ia a &Ar %ssera-"e

""td it-e twatmatol biolutioe Ux, e'eeuarnfrotrote- jaim... to d"i. olt swhe wMr. eseesrtotiev Ie- c"taillo hir deeeetiltsag It to hoit

e'hhaeeela~dwate'rrers~stew.-.leSU it-~ed.4~ate 4.x- of a 1.411iou -eama amo, Iu lowi"Arar~d. too, Ita)

floraee .1 vilos Ire-aie-t i. as p 72 ambribiet"u~ Aftio S "a~saee rrx.t&Jliesa atn-e I e I)-#

f**Wlpw e'ptiitrerso.4 11I Aaaustmov of It 4 at owl lobaetile So, thavweal. ao 1,g 111 0~ wa. oAiAa 4ma- Iw tN,

nvir of. jlýOS ete V glatuxeaa oa" hrua 230 ml feicu of %v,.ie.v I-ailre., in p 139 13-

Of trre'lad" 'I -loeata us-iam h~lt ueftswoatri a' Je-eribell toa: Called lotr CooillsFe-4 C. -117. WI.1 . Fl-.

mttoimtvud a ipebb'w rat 63 JO., tdteI 17. oi a tlwswvtic wt" W41 FIewnt C'. -26.I 7252-. 41, H w& it t'. 14 01

hyti-d,ss " aplahe- 'Al. notedstand tive r-alalv-t Sao S11te-e-il 1164

lie-eeooAxa as. thr aol's-seýIt Goled s-%.MIa of Wleat~e. Rolitl. -4 q; 4 a.~sat~. Loaaivilobb To a -*Aleam wo

treoaael (-tam him oetmoohml pNAI "W-r l x~gre-c. ý s 2 OM 't toatbboibr esee .1 1% W w mi W-4 w "ofAm ~a add 51a

.4 iratsitmg.s14g atal'. %"-4,. inep 967 ee%* t ;l W.10 a g 4tia~ W .Im obasatim +ve~u &'l es *" 5'.4 4 awale-
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Thr mi!.:=r wn. rirr-t fu- 2 !:. awt. then Altered. The (1 Prorsentord in part at lb.- 131A Me-eling of the- Arne-ri-
filtrate' we- coo"ew in in' and II:. exerte saodium horipoh- can ('bernieal Qlncip.'v. Miami, He.,~ AO,! 7 too 12.
drider was de rnivisor.d withI :.critww I'lllowinot Obw adc- 19537; si,. .Al.t r;.rt . Patters. to. 47 .().
lion 44 51) nil. it4 waiter an.l lvIlt 9,. )( etlher, the e'ther lsir- 2, M, Ruepitllamnt M:.D. Th.-i,. L~arvawi I Iil~irril'

6vtw.au.- washed with oats -r atoof .In d mver anmh Arin.., lt953 (."4- Apoud
"Aniodun Aulfatr. R.-ni.cn.i #.! live -olv.nt andt 1wo frewi* -- '.1 N. Wrlik " and K. S. (oiakl. New Vor: Srrli:i,..
tallisatiqoos from *ih~-i~. ether 1 wnadlierv 1.9 it Anworican Cheomical ~Apwlrvý,N. Meelif int Mihntatiorr.
f$1 %i..:wi 44 %. 

1'. rrt-tnl- o-4 VII. inip. 9.11.3 WO.5' Mare-h w. 195"
.4- Cal (:slr ( fi tI r,.Fr't : I. 69W NA 1I, 5.2: ir. I It. Rirna--i:,wirfrr air1 1). helmn. Mr,., Kil, I ,5.I"M

19. 12. Fmitanl: V)1111. too. W -r-I. 11. 5 ST. 5 ,67 Fr. Ill, I% X - X.N-Pn.-%an-)% and N. %. Volkenama.iJ., 1

111.22. Unid V~,,k .SSR. 1117. NM2 I ýMAI).

hif. .rt~." .. I A,..I. auua #-riprs idt.I %~ - *.S * Ii. $Arittinli anid A. C. Hatvrit. Jr., J. I-. CA.-.
1 37K S II. mei. i. .Igl9l__o 4a. r, n ~ 77, *IC15 *,I~

i-gi.jurtioiwtl ii. 2 *d nil .,( r.Iiit ill.IiA i.rii I alr,ilii'l A:&- 7 '\l Viuirl. lIltý i rh. mid IL. Rikeftiacrg. i

-loaIl v rtileul fu.r I hr k-u.rvrr. th- im. p,'enbror .f :onti.,.. h!i-hl re-tilt.
ill the- *lrtiIlazit io-t.alil hvil I.- *t..i-re..ulIs .nlo wrr I..ra-. % l I .. ,atnt--ro Mliii W. E. l;irtimanii, J .1 a. ,
t he r--zliti tritsiilaerat tir. 3101 nil Va. '."Ieiw -~e 41.. ;n.l 7.. . -.

the t~.ojril,ý I alý,iohui a~s. rrntiio 1-.% Joititll.-ioiiii C .ti~. I 'a I I bta,,rl .~ IU V al oofa-i ~, J Kk-iinller
tintmei sow -Itolsthmrl~~ m 131 #3'Ii.il lw-ulile n dtilitllat "A'-. R" -. it, pfa--
voalt-"'ng ar-t. :w liftif h w.nI~--ithm 1511 toil. .4 Isll"; It, It I F n-..m .d V~. tA, -qrob 1.41,ai

hydrueitiorlik artul. Itw '.i93111;ih1 am- via-heol mitit- Ulral.- AIA~ :sin. 1,:r. \,-w 1uiek (P1501'. is N;L.
water Ahrl the-.i.tt iý.jw.t.l Ie-r-tlIali, 4 11 W K; KItcirahin awnl F If Nli~wor. j .1. tA...
th- residur giotioluwe-s Olw .4 all-~f-r.r~~ S_. ." . -1.. 1124 -P&V
73 74' A mogu-d nieltihit I-.tit li-1 aitth .s :n.,,tkwntt- I I It V ZrhnW~k ;-

1
A %I mnlr-W1. J Aft t*&,. Sio

aMnpbr wuas wit 41rpftvlsl "M lilt: .143hK

. lokaicWiIVIUCw, st. The xtitht_. win'h tu expi-.% 11 FSS : it...riuilin." usi SvooA&-. C.ii1 VSul It. 71

i her op : tia-tiol to \Ir V. F. BenItsey "na Mtr% 9

Va V. .%4p for la- intlrufrnl spectIra We err also *l i~l*E.~ .i-~s. I 17K In461

very- gpuldui to Dr. Rov 15nWc1 of the,~m~ t. II 'l tiwiltai I.St 'n- i-.rprtrte- iin"-a ,lra
mIN 10hrFfl Ia~te~ f J.1Jj j-I Anl% vtn Fwln~e I- l. e$chwarak-4f
Midto ~r.Fji 1arsorlof he Idu otatieMorovlwfansIltitra t.).li~aaoei. VkMuiskbe IT. \ V

Xentour, * Co. Inc, for grnervis oarnpla .4 i,.. It F 111t ,.,.l 1, I'AUsoa, 1 (I'M No, k
fcTr~nwc usecd itz ou~r nr-vorer4 preL-rns.vA
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Part 3. The Fa'jiaratiout of iimie Aeylferrnwciiw anti .Alkviferm-nxtn

1inwrtitcT .Narnira net. aci-ilwr-mv m antiI.1'daifrovw
hair Amn" prrnrevi anad rnlnnd so the- ormimmilaning aM4ferro.
rvn,' Gild ll'4dialkbifmrurrn r%... lflupma to direrd Y uA-,#4aoa

fwrrnarv' rt%**Itfd in imirturra of pahvilkewiI prodCuct.

One, of the first reskrtotani, of fermnorrnc' to he ferroreneoluthieowti. utiz- eritiunolus memotints of
ii'emtigatril umA4 tite lnev4el-4 Mvfta& ery'icutah with~ segld rlaltnI. ratml vo Anial ferrus-en.' Tile .Fsu!,-
sme-illdi rit"le atihl atilivlrW" sit the iii -,gr.-a.ii of miltuteql Olrrivntiv". ll I.Airrr pro-pred 11Y* atdiii..

1wiutable LvAiA tAL6 jrk ataIpit ' utit'g-r vondiIitoima 0-. 9 " (Mul)toe. to thr Ioe.rN'. Using at
sm'aalr to tlamca U-.ed for perpmints w~ltwtatxrlk"a. miolar ratio of hoth tleat- aId rhisorialc uual lthe m
Illo¶5Cvf. at tile tifla of Ilse. ilareptKim of like nillnuila chiouriala to farrmu-rabr of vrtater than" 2. 1.
pfr1~ta mi etltln no Awtvsf .~ul ittlentpta to The im-perut Iot of 6utmh I &til 1  1, li.% tlar-c pro..
alinrwil alk vialatferi mn e ! -ai tweti tra-pcwtni Ili realuri-aapprar. to~w li acar. iatmma,-tGrF 'Citlletk-
tlW hitaeftutwa I . nthodl Funr the app, urate pruartlure. rither

In ordier to pea-panr a arearw of amtivIleffurr wi- taav~aaasnaea "turoeamianklial"I6 ikte other of bv
ltje tmiwra 0;alt~uo feivrrioms was' first ura- autasa-teraler f.-rrolre Tile ui-ar-oonaaatr filtrwa-ie
litatrel anad foams-ti to he ma" m.1aaa~sifletoa'eam %vs live pera-ct its the ik. la of tam If like ra-eatiol
thetis- snethosi The asedation of Ierurri-tar sand Iket rsmtie oaut at rmmit ternipefwtur rittred. of
sulwqwtwt rialurtw soo is thetn studiml ansl insitn at mtlhia Ilse atiamunt of tar prsmoa-d" iet coan.
taea a-ryltolTreates andt elk% if reatuv am sutha-:"d " "Miasal ahe'sreie"I Tier 'ao& cif I lse tdal.rtouiea

It halt hra-a fooaaual that hu m' feniejr 1t Iataie to dgame-ar &Ilh Ink-wretteitig m mrulest
atki Il-41aa v If"uerrm'ac 11, can be- pnrpatwd int Ur~gt. pu-ohOah'i star to treW finitW PS a S ol e
*atsasfme,tor stela hyt vaniitg the' raise, of f-tie &a-rrwaa- rrak-autams of the aul-a3 hlhvaml The

amnt aiAl sinabm of tI-a mr-iferfus-eaum endi

co The rtatuktr lkyalregwetmma of 1.I-darotri.
it"x Irmn-t to I.I*wh vi.Nrfeemrirw Ses* live a"uo.l

pb ca-emai Lout I ha R~ear.hlan s a. 1mrt. it ~wrk no
timmeolt to "tftqui thats n-mrtrswa to tlse highe(I!) (~) iumusilg~.raa ncuuer asmAmiar ami ua &,I atirotigW can-

(lttommm a~lt~ollgl it mat plismier to ohapbasat..
ftmme Nhauuam*,or lii T is sot inuaghuJ-a rtram.

N~f &"I antmlkil kujoirsi 'ah.- m VOT -vvia eit odal
k%*"rrftSoeul to hm-elkarwu-tuuu * temwihwett.

.sta. a ria4 a-lod .srg Sluaanmirn wuai r ca .01A as l th (Imumm iora~-W rvtumrt~mum useataet awA foahe "e.
"mo ketusi of .lkbttor C-OhileseW oaf I..u pr 41WAM" ef tim higherv hmuekugac Kremall. \cqt

I setv grep"11al IM the- elfpumor Aablumatauo the urvin-lolt earm VcdAuAa,. haec uwQ 1 r~ t-.e arn.
arild c-a-Lhnd.-.jaamaaaanwr rhkwwk usupiam to the -i-aat feet th- rmiprtimna ofl wme hasy :I*



TABLE I.- Aeviferrocenes

Ferrocenr! M. P., *C. Y ielId, C Calcd. Fi- Anal *vse,. Found H Ff'

1,'.ictl" ... 127. 0- 127. 5 741 62.26 5. 22 201.67 161. 96, 61. 9S4 5. 24, &. 16 20. 4:1,20. 91
4,'Dcpy ~5-1. R-56. 0 615 71. 23 S. 74 11. 74 71. 55, 71. 79 4.40, S 89 1: x3 , On. 129'

I 1'-flicaprylv' .0 fl )S. 6 -69). 9 41 72. 86 9. 38 11. 29) 731. On.73. 17 9~3. U, . 27 If. 57. 11. 46
1,1 ,'-Dilaizro'vI-' ... 76. 6 77. 1 44 74. 17 9. SS 10. 14 74. 384. 74. 37 1175, 9. 75 110. W.; I o. u5
IX4-Ditridecailmoi . 4. 0 -SO. 4 15 74. 71 10. 11 9. 65 74. 87, 74. 77 11). 19I, 10. 07 10. 4.4, I.44
1,V -Dipalmitovl.'- s2. .4-93. 1 12 76. 10 10, 65 N. 43 76. 291, 76. liI 10. 30. 10. U; S. 79,1) 1I I

'ariol- - - - - - - - - - - - - 59. 0-59. S 461 73. 57 !1. 50 1:3. 16 74. 07. 74. 07 9. 53. 1) 36 13. 20, 13. 27

Red ei~vstallil,ý solid. itv 1-ormi,- furyistallIins- ~oiidt $,Sl ,on-color,.1 ~oid6. 4 Yell~ow crysttallinviesolid

Ainalvses
Ferroeevw M..P., *C'. 11.1.. Of'. ni.t N ifIld, C ('alvd. __ Found Fe

( II If
Fe c

IX l'Diet ht 1-' - 3.. (11 x7-s# I. 5,6 60 6 W 45 7. 49 2:1. nOf 69. 12. 7. 36. 23. 10,
0.15 11m1. 69. 11 7.2h 22846

,l-OtI. . .16 0' O 103, 1: V 5214 5s 76.07 10. :12 13. 61 76. 30. 10. 27. 13. 013.
2.15 " 11m. 76. 10 10.491 13.01

1, '.Didecvl-' .. 11.s 19,72(,5 1. 5 142 50 77. 2:1 10. SO 11.97 7K 0%. 10. 39. HI. 47.
0.01 m111. 77. 7-% 10. 69 11. 43

l,1-Didodecyl-' 30.6;30. S 7S. 13 11. zoj 10.61, 77. .49. 11.01. 10. 72
77. 93 10. 5~ 10. 93

.1, VDjtrideevl.. 1A.3. 0-39. 0 32 7K 11 11. 35 10. 14 7.%L 1, 11. 07. la 40,
7%. 17 11.01 10. A I

lI'-DihexadecYl-.. 41. 2-42. 4 334: 79. 15 11. 75 S. ht) 79.. 59.. iI. 56. &82.
79.27 11. 63 9. 13

Ilexr~decyl.......55 0-55. 6 77 76. 0.K 10. 32 1;.. 6 1 71i (10. 10) 32. 13. 43.
7#6.26 10.110 11.6S

Dark-red li:i. MeltIing I nint value obt :6 mi fromt n-ft-eren 7. (F I .976: Nt. I. 1 24.12. 4 d", 0.9863;
M.R. 140.11! . ''I!ow crv~ltivmm olid4. ' r%%o iisaut~ritt,, vkidp)Imi; I*. mehnlt jkci~g iit. 32.4 33,4* ;tid 37.2 :N.104
(tincorr., %%ere tthe milk. ImrmiItivs k .Amte.1 fro.m the initial ( 6mincitwueev rnsmft l~Oll Roth v1.. lijhjrd .t runtt bnhorit iat :tl
the trans~ (Inutjle-hofld re..Jn of ihe infrared 110.3 nwijerwi; :;,! ~ 'k Mi Ii kilt iii PlM`Li*Ni COIt-im'~lf.t
In % repozit exjxmrimeimt, 1, -,il.Ivf'zoe i, a obttauinedil dreetlY

dinrylferrocem-s. The propert ieiiand( antail 'iase of rene, tile correspondinug 'lisubstittutiel derii~ativ-e.
thle alkylte-roet nes, and 1 T -diltkvlferrm-eutes tire whi.-h i,ý very mm-wilu l aniong suhstituted aroinati-
surnImart7.ed in Table Hi. com~nounds.

1, 1'-Diet hylt errocen P decomposed to a consider- The quest iolt a e wht e thle idiaeylferroeenest
able extent after standing for se'-erikl months. even andi dialkyrlerroeenes art sytitttetrit-maly Or Ut)Svtit-
in the absence of light and air. This is in sci-orti ,etrirullY substitutedti since n~one of the'e Comt-
wtith observations bv othei workers 'I concerning pounds abtiorl. lin the nrtramld in the rvition of g.00
this and otlier low mnolecular weight liquid alkyl- or 9.95 miceronsa 1 poks in Ilthese regions bring indic-
ferrocenes On the other hand IXl'dinctvi- ative, of untsymmtetrical .uhislitution according to
ferrot,,ne and 1.1X.dideeylrcri-oene. both liquids, file atie of Hosenbiunik atin of ilauaon *ý. it was
appeared completely stable to air and light after runtlude4' t~at these eotnpounds weitre syniniefri-
severul mtonths storage. cally suhstituted. The 1two lnanosubhqfituted

A point worth iiotitug is thip mmritsim, mellt igj vompounds. paltnto ' yfferrocezt- anti hexatlecyl.
point of hexadleeylferrocene (.5.0~ .1)5.t*1' vonparod ferria-ene. did aboorli in thesit regions as %- preted
to those of 1,1 '-diortylferrocere' 16.0") and 1, 1'. Three nuetittids of direct alkylation or f-irnocent,
tlihexadelrylferrocente (41.2 4...I eiemadeirvifer- were at tenpmptvt; alcohols andl 1OC 01h phphoric
roceile iould be expected to lintvt a lower cieliing acit,.ias sueeess-full , usedi for alkYlating biph-.
p~oint thkan its symmtltiet'tal isomer, IX.1 hortliter- H1001o06 andl Aluiluinwn chloride. and alkyl #-N
rocenie, but it cl ti not. AIahao.n lecvferon aild alum~inunm vitlondte. All kiiirr sluermis tile
is higher melting t han even, 1, 1 '-tlihexadecvlfrrro. extent IhAst little or no I: treauic. ferr.i.-mat rtmttlv
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be reetwvered by steant distillationi. llmwever, thie IHyttcnratninn 1of I.I-fi~rnrdqyr~r't1etne. In it 500Mi

predlu(-t was alwayS at mixture of iolyalkylatedl lYtrottgittitgti Imptile wi-re- placed 10.9 iý (0.010) mote) Of
fiui errocenei. boiling )-er at wide range, or I '-diacel' iyt.-riw-ttt udis-tlvi-d iii 300 nil, of mnei hanoi anti

undistillahl-A tars. We weze unable to obtuin an ' ti it i prr livttroxentiont t laat ivttLtLt~at a jrtc-týIlr of 50 P~ L.

pure fracti(;is upon distillation. and it appearedl Attc-r 21 hr. itt.- lipirotentgili take had reacehtd fthe theorr-t-
that the yield of any one pitohltUt was sinall. iertl va:ltit. Titt ,,otltitiont was~ filiered fnc-e of eatalyst andt

Nesine -anov m id Kc'.'iet kova " Iitav rievent lv Itt ittint ha nottt sti ripg wil ouff. I )i'i llaio t ~t uti- cc-tide prod.-

reported sitmilar work tisintg alkyl halides and Ir ciiii r vithitt-t s~tirong campiote- o. .(0 i-d)or, Lp .4tiar
Alumiinumn chloride. rhey were itlult' to isoliui h it i titwthay agcailttrmc-i~oohp O;if 0).1i5ut n' 1 .5761.Itt-ni re-jrnrt,,t~.10 13 1
(list illat ion miono-. di-, anti penit a-alkyla t cIie ferro- ita t' 11 ,4 .

cenrit in i-erv sniall vieldsq. Atte-mpts to i.-Mrogt-naiti thv higther l,1'-diaevlterroiceni-i
widettr i.milar conidition,, and m-ao at elevated temperaturt".

j.XPER.*11 M l*:TAI. 'w tv tartintt mtetttrial xu- the onlyV i!-olatattle produzct.
,n'n.'derit- ,Itli 4 ,f n.-ql- 4in111 far4coccc

I. -IItacy~frrrutcrnes (11) All 1,1 -tlaritclft-rrtctne- %%Pert The tair%.- andt 1.1-tttiat-Vlti-rt-tn-tIs- were reduicedl to the
prvep~ared by the ri-aut i o of hw applroltriait. :tr-iit t-lttcil-it vo rri-..jondittht: :ilk vi tierivti iv- 1) 'v ref~ilaiutt wuiIth dillit
with alumi aini chuloride :ittu frrrc-rne't. A-' typivpcalI e\- itt triwttltric r tid Mtidt 311111Ka:1111te#4 Snc-. In a tyVpicazl
anmple, 1.1 V-dic-aprvlylfrricten.' %%:t lIreietre-t lw% atlt~iliag 120) eximrintenti. 2410 L otf arattutlar ritivwasvv animagamatt-d it-.

g.(0.90 molO of atuhwtlro att.lurttttiit trtetlcritt 1-) :150 n,). tirinrita 5 mint. with1 it oS~,f m.-rentr~ir chloride, 250 mi. of
of met hlvetue chtloride- 4tiried tte- -lcitvitu it ' ttiritel it :% Watt r. awl' 10 itil, cut onetutteiratell t tuvtlrochloric arid ill at
2-liter, 3-.ttcke~l flat-k etintiltja-il wiith It iirc-ic. .-tltux Con- I-blt r -io-tc--etkt lil.%k e(tItil~tesd wiht au !,tirrt- anid reflux
denser, rtnd adtli; janal ttttnelL A itoftgt t, it ttatrunitttrt' rtttttt.tt.. Tht:tte ot plthme, %:o tiwt-t ted iff and 100
and 9!irring w,-r- nit.intttaint-At t brotigtttit Itit- i--act mai. tit. 4 w:ti r. 200i mi. itf contcttt tated~ h vtttoel-oric acitt.
Thtrough t he addit iotn ftunnel. !4t;.5 it 5.!A) tti. t( 13 N it, (1) 1' Male cu If 1 l-tiit plrvl 'Vierroc.-nel. :11d 100 MIL
raprylyl chloride hurt-pared fronut eapry tic c-tit: andttihwittv -if 1witzett. were .addltttiot't-klv in that ortit-r. Tho miotttt--
chloride in W;i yield,~ .u, At)a lv &title(!. ti--tlvinti Ithe "it' truttittt tit r.fixt :%ntt -t irfrit vigttroti-l -t that t he
aluminumn chloride. A ,.olait iont of t5.'1 Itg. (0.1C ittole ttif :ttuu:tltarnu %w% ,- it rit.tact a it iothit tttcw-t-' At itttertial't
fc-rrofne in 350t nil. of tarteihlent, chloride -a, a attiteidcropt- tbitirniI It.. hwa, iatt. liatr 0-Mt. jortiiaaon o enrae
% 6P over a period of 2 hIt". Iteuucinin WaL it'kittediair a, ttiwttrtoe'Ioric ar-itt tre aicittriitto maintnit: the aceidity Of
rvidotoucd 1)ty the evalutitan of htirwdrite c-hI ride antti thi- like Otiltit iat After 52 tir. the mixtitt,- wx- brouitht to
fo~rmation of a tLdark iutrp.le rottuliu-x. After 7t) hr. of -ttr-- rattnu tenctMvatautqe and filteredl freei of %malitam. The
ring. hvitirticett chloride -utirittot had ceattI -tt-il the at.riliatt wa- wa-wtl witht -thter atud the eamtiniittd orgAnic
reaction mI"41itrr AM ltVtJrUtv'-4 ItY l'uarittg i' Utttil 5M0 ph w-tit.etiactett wsith water to net. Iratit v antt dtried ever
0: iceL The tvto-phasr ~-telrt. o hich na- 1itdlY raniw-- mithtttrttt- -att-itite tulfm,- After filtratiotn trim the drY.
f~iett aa- fliti-red tit.ier %acattttt awtt the ;ta.- ers* _1x.-c. i -qatt ki... 4- 4 " . -d qt--.te ml w*' ýic-i

rated. Vih organic phase %%,- sxa..t~e mittld nitetir anti Tht- crride IbPA%-ct vkit -zd.:lr.tl titi-- undler ri-du"e pe,--
driedt over at.hydroti- ralentitt -ulfitie. Tit.- ttnthvhtite trireg aiaed(-nti i'c.ialotvedn 23
chit 1.-k -wiln:... %as fiirtAt tree Of dr initu %irent atnd th.e x 5 'eieldi, Of n dark reel liqtuid h p. 00 193' atl 0.151
-oltetlt evalmorit~ed -nnti-i ant air -trenni Thte c-nu- Mtn-I mm ~er Tattle 11 for the anal~tisi
nti a&* reer vtiaaiiat-ttftaiii- frtPint tottehanttl wuetthieg 100 ti ~ The .tuiti alk ' %1 and It -lialkvttevroatt-e," were 1-t-ifibd
Ifs' tield! of orange--edA trrv-al.t. inp:. Is 5 2 " I. I..%fe rtp-tIal*Ption from acetiane

An analytical -am*l %a*' -4imtiatn ittit r tao .- ltlitituietl 1htrvr tvaltttion o1.f(k;*wit A4 a t ialusmi -%amtple. 3S.It
r.erwtilztio.fromt nitheihntil. ti p SI' ý 9;0' ,'e. SL (019 liMoir' of fereute-up 40 go it iOt) mnot, of anhy-

Table- i for the anal eiiLt. drontu mitiminuta chlordew . and 100) in:. of1 d" itirathylent
I~tiiitiplveeuei- The etgatpn~eUti atnd pita-i-un- "Ae chloride seer pl~acet tn * '.110-,i 3-iterket #4kth equippel

asre the -ame at. for tit, Pri-163'li~oa tit in." 1.,1-diac V1- itith -firr.e., ,.-flu ttd-ue and atiditi-ai fiunnelSt ifiunig
fr. tiri'twt .:ih tiii -ýreptto.. that the Mtniai.-otsrddtuou aSX And a nitrogeni Aaltnitiphee'- aver- tumoinniatned throutuhoutt
fr -rti-te-i. At.,-li-ttor 4f M5 1 9 10A.% minut of pataittovl Ith- rvz, t-ibon it aulitton, at 17.6 i 10) V. rte'r of I-am ' V
chilineitt tprree.r-- ir c-%%% 'u-Id from p-tttntit acnd ant ftjrvu4 it- No mi of dry mefithtleae etukrine 'A a.. added o'u-f
I him ' I chkoide' IAnd 7 7 ta .11 SSS nmol).4ui ahirnintu a Periodi of 1 5 h. Aft." I % hr . I e a1%w mum' A #A hi-dna-
chloride in 2-M tnt of anh ' droii t.-rih ' ti-ne chlorid an limid atih ter amier arAu uneiurahi"t with Ptedimi hi-dintm-
iittde-.., t otiter a 11 hr perfiod 1.1 101% it to 0 ide "eutitan %ttea .1Mthottlatuuu fat"e to prodctre anv
m oire of f re fr.ce i , utt..oi c t i nt C410 tnt t ttneth i n t- utttt-. ri-'I ter iro teuse T h r it-t ut r from the -it-A m d ot di a-chlorider After stun'nit twerugm itiu itheraction tatature i, %,"ri-- ohh~ee OrinrV" ir
aat Uarked up anti tha eud "Mara'n ;- t~-!tt tlun it

c..tlhait-ufrtom inu that"~u pira~-iI k * ~- 11h6 aut aaet ,in .trw oe cacuu c.ani A

'.ii6u of %te!tina-r~t . it. pt 170 A8 7- kin ;ran~l VteAI fitatorinttrtiift-, ~.m ati.the -tidt t xi"e.t-Apsrat -t
*a~t .I. nbiasune afti'rt-n1 -c'~tt-iiw front usnaer anl aiat trrtAm Thti nt-tid product va-

nwti~tin it V1i 6 V. V --- TahIi- I fout tht, aninl-it, tt'-r tunder redluced pt-ut-tst throtaith a '21-inch rotami
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A Room Temperature Vulcanization System for
Selected Fluorine-Containing Polymers

W. R. CRIFFIN

ABSTRACT-The detvlopment of a room temperature vulcanization
system for selected fluorine-containing polymers is described. A
theory is postulated to explain the rulcanization intulting attach.
ment of reactive sites to the polymers at deltted temperatures
followed by cross-linking through these sites at room temperatures.
The fornmulation, characteristics and test data are giten for a
hexafluoropropylene.tinylidene fluoride copolvmer (Viton A,*)
vudcanized by this system. The technique appears applicable to
the preparation of sealants, aerody-namic smooxhers and other
related materials urgentdy required by the 4ir Force for advanced
vehicles.

Section 1 based on liquid polysulfide pol;mers and have been
generally satisfactory. However, they are limitedINTRODUCTION in thermal stability to 2750 F and with the ad-.ent
of supersonic aircraft, the need for sealant mate-This report concerns the development of a room rials in the 500*-600° F range became urgent.

temperature vulcanization system for fluorinated The fluoranated hydrocarbon elastomers were
hydrocarbon polymers, known to possess the necessary thermal stability

Room temperature vulcanization is a necessary and fluid resistance, (1) but prior tu the investiga-
feature of the polymeric liquids iused for fuel tank tion described in this report required 300s and
and cabin pressurization sealants, potting com- 4000 F temperatures with applied pressure for
pounds and many .,iher related products. With- coiaplete vulcanization. Although liquid poly-
out this feature, delicate electronic equipment, mere of this type were not available during the
large wing and cabin structures, and perhaps whole investigation, thew room temperature vulcanization
aircraft would require exposure to normal vulcani- of dry polymers prepared from solvent solution
zation temperatures (27.50 to 3200 F). While was believed feasible and would be a useful
such exposures are not, impossible, the need for contribution.
high vulcanizing temperatures has discouraged the The approach was based upon the assumption
use of many elastomeric polymers which would that reactive "handles" attached to polymers at
have otherwise provided a basis for sealant normal vulcanization temperatures (2750-320- F)
m•,terials. could provide reactive sites for room temperature

Subsonic aircraft, operating under the environ- cross-linking by another agent. The commer-
ments encountered during world wide operation cially available fluorinated polymer, Viton A (2)
(-65* to 160' F) have employed seidant materials (a topolvynier of hexafluoropropylene-vinylidene
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fluoride) wa-a selectedl for stud(,% It wa-is modified Sect-on 3.
by at reaction with diallvlililiine iii the p~rese nce of U RO M T PE A RE V L NImnagnesiuim oxide, followed 1) natempts at vul- i OOtT PE TU VLA -
CaIi;Zat iOul With It arietV yOr cross-liiikingr agents. ZATION SYSTEM
The waterials, mnethiodis of preparation, aund tite
lph-iysidi prop~erties of N~ -(oi A vuilcanizedl bY this Inifrouluedii- The exploratory investigation
systeml Ilre lesý 'bed. suggested that at secondary amnine structure would

While inoform a tion presc !teO(l of] It ualll p~rep- attach to the polymer chaini s without causing
IalSt ion of Sealant mat erials is qu ite pre(.llinlk ii naV, vulcan iza tion. )itallyvhu mine, for example, pos-
with manyvfacets vet to hie icxplore'i. this disc-over V sesses the necessary sevondary amnine for attach-
CoUldl provide af inn'~or break-throng! in t lie ii n carhoil-carbon u nsat urat ion for low
dievelopmnent of sealanlt ui11ate'ialis for the .50t0, to tiniperat ure (ross-linking sites. 'Plerefcre, after
1i000 F rilnk'e. considerab~le experimientutinn, a system was de-
Section 2. vised for investigating thii amine as a method of

introducing reactive sites
EXPL~ORAlR Oiy :JOSS-LINKIN(; kforhiffuatitn-Thie principle ingredients of this

S'FHIESsystemn were thle fluorinated polymei, magnesiums~rL* I EISo .xide, nineditin thermal carbon black, diallylamine,
The general approach usedl in this thevelopnient and hexamethvlene dithiol. As previously stated,

wxas basid upon the assumption that reactive sites the fluorinatedi polymer wiis Viton A. Briefly, the
co01ld he attitched tit elevaited temperatures to the initend~edl functions of thle various ingredients of
polymvner find attacked ait rooir temperature bY at this system r. e ats follows:
suitable cross-linking agent. MIagnesium- -dlecomposes the amine hydro-

Early* attempts to vulcanize Vitomi A at room haklide stilt wvhich is formed when the amnine and
temperature were through chieltition. The poly*%- the polymer react aind stabilizes the polymer
mier wats reaceted for one hour ait 3o00 F with two dutring high temperature exposure.
parts of diethanolamnine in the presence of niag- (Carbon blatck -- provi des high solids content
nesiumi exide. Following this treatment, the solutions with reduced nerve and enhances the
mnodifiedh pol~ -%er wais refined onl a tight mill to physical properties of the vulcanizate.
insure it uniformn dispersion. This product wits lDiallylitinine-provides in the polymer chains
then dissolved in miethyl v ethYl ketone. niixed with reactive' sites for' roomi temperature cross-linking.
one part of cobakltous hldori~e and flowved out onl a Ilexametlivlene (lit hioll-serves as a cross-link-
steel plate. After fiv lit davs ait room temperature, ing agent by* adding to the unsaturation of tl:e
the flowout attained at good state of vulcanization. reciest.
The cobaltoits ion wats erroneously* assumied to Fvidence supported the need also for a basic
have been chelatted 1)' the atttached (liethanola- ca alytfnd the presence of moisture for the room
mine iind the cross-linking to have resulted temperature reaction.
because the ligiind wasq attached to the polyme While it would have been more disirable to use
(ham,. a Itrue liquid polymer, this system was demon-

While the early work y ielded mutch valuable trated with a solvent solution. The total system
infornation onl solvents, processing techniq~ues ws'sprtdit w atsa hw ntefl
find reactions of fluorinated polvimers, (ross- lwingfruainths separateinotoprs itssown rsl in tefl
linking through chelation appeaired .to be plagued loigfruaon Thsepatnrsledn
by, too mnany complex vatriables to emerge as it storage tability for each piirt. Pa(rl" p",
practical systein, However, much evidlence sup- hundred
portedl thme original assumption that the secondary or f Writmer

Y Ireight
alnine of idiethanolamniine would react with selected V'itoni A I (it)
fluorina tedl polYmiiers aind result in anl addutct, to Nledi titti Ttiernitia (art toin Iflack 30 t
het( poic mnier c-hain. The eventuial solution to the )htbIosiltillOid ---- I

problem of at pratt ical room to-uperature cross- MI't hy Eth3I Ketotav
linkinig system emiployed thii reac'tion to attach Piilt f
pendlant grou ps whichI con tainedl carbon-v arhon 1 e a liviria licDthidol -. 5
11insa 1Ttmation. 0~--n~ariu'-I. 5
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Preparation of Pawt A---TIhe ingredients of Part into Part A Air entrapped during thls mixing
A, exclusive of tile solvent, were weighed to an operation was allowed to escape before a flowout
accuracy of plus or minus one percent. The was made on a clean steel plate. After 24 hours
liquid diallylainine was absorbed into the carbon at room temperature, the flowout had sufliient
black on the balance to ininimize loss and to strength to be stripped from the plate. Partiml
provide faster mixing. 'li, polymer %ias banded vulcanization had occurred during this period as
on a water cooled 3" % " laboratory mill with the indicated by insolubility in methyl ethyl ketone.
roll separation adjustea to provide a rolling bank Thie catalyzed solution remaining in the ,on-
in the nip of tile rolls. Thle carbon black contain- taier retained fluid properties for three days.
ing the diallylamine was added and followed The absence of moisture was assumed to have
immediately by the magnesium oxide. The been the cause of tile long pot life.
presence of dry carbon black prevented the nmag- Properties of the 'likanizate-The properties cf
nesium oxide from caking on the unbauided roll. the flowout were deterniineld during the cross-
The "drop through" was returned to the nip until linking period. The rate of vulcanization at room
all ingredients were ini a single mnass. The mass temperature was traced by measuremnents of
was then cut from the roll, end passed through tensile strength, percent elongation, hardness asid
close set rolls four to six times to provide a uni- permanent set after break of the specimen. The
form dispersion arnd sheeted front a wider roll test specimens were tuicrodtumbbells measuring
separation to a convenient thickness for the next i•,, x X," in the constricted section with %" tabs.
operation. (3) Tihe tests, except hardness, were performed oii

The sheet was placed in a standard AS',TN\ mold a modified Twing-Albert paper tensile tester,
which had been liberally coated witl surfactant use t, because of its !.msitivity to small changes in
mold release. T'ie mnold was then placed in a tenisile strength These mleasurements are dis-
hydraulic laboratory p'.ess at 300' F under sufli- played graphically in Figure 1. The test dala
cient pressure to keep it tightly closed. After a obtained are presented in tile Appendix, Table 1.
reaction time of two hours, the rubber sheet was These periodic measuremments indicated a good
stripped from the hot mold and tile surfactant state of vulcanization after seven days at roomi
removed with water. After the flash was removed temperature. Therefore, test specimens, exhibit-
and discarded, the sheet was refined on a tight ing this state of vulcanization were selected for
mill to break up any agglomerates and to prepare high temperature tests. Dumbbells were exposed
the stork fa- rapid attack by the solvent, to JP-4 jut engine fuel in a pressure bomb at

The ribbon of heat.-treated stoyk was weighed 4000 F for 70 hours. The room temperature
and placed in a suitable container with an equal vlcanmized clastonmer displayed excellent resist-
amount of methyl etoyl ketone. The stability of ance to the hot fluid and also showed little addi-
Part A prepared under these conditions exceeded tional vulcanization occurring at this higher
three months at ambient laboratory temperatures. tcmperatume. Similar samples were exposed to
During longer storage, the magnesium oxide or .5000 F air for 70 hours in a circulating air oven.
carbon black may form an unstable gel with the The samples retained most of thtir original prop-
polymer bult this could perhaps be removed by erties, but results indicated that oxidation resist-
passing through a paint mill. ance wab less than that possessed by vonitentiond

Preparation of Part Bf-As indicated in the Viton A vulcanizates.(4) A suimmary of these
formulation, Part B was a mixture of hexa- tests is presented in the Appecndix, Table I1.
methylene dithiol and tri-n-amylamine. The hexa-
methylene dimercaptan was selected in preference Section 4.
to others because it had liquid state, low vapor PROCESS REFINEMENTS
pressure, and mild odor at normal laborator3
tempporstures. Tri-n-amylamine was chosen as the During the investigation of tihe diallylamine-
basic catalyst because it was liquid at room tem- himnercpotan systenm, several undesirable featiures
perature, strongly basic, and found to have little were re.,ognized:
effect in the volcanizate after high tc-'nperature A portion of the diallylainine was lost through
exposure. evaporation during the processing of Part A.

Prepatration of the Vullca, i.'ate -The vulcanizaite 'lhe stock tended to stick to the nmold during
was prepared fromt a uniform dispersion of Part B the 3000 F treatment.
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FtmvnE 1. Tenqifrý Rtrength and elongation as a function of time for room temperature vulcanizing Viton A.

The use of w~ater to reniove the release agent Methods to eliminate the use of water for re-
caused a vai-iable rate of vulcanization, moving nitold release materials were also studied

Methyl ethyl ketone its the solvent tended to since moisture directly affected the rate of room
form blisters in fiowouts. temperature vulcanization and the length of pot

Hexaiethiviene (lithiol was not commnercially life for the catal zedl solution. Cellophane was
tivailuble. found to be ail excellenit release material for the

Attempts have been inale to overcome these stock during the press treatment. The use of a
tlifficultie%. For example, the partial loss of hot air autoclave could also eliminate the need for
(liallvilmlnite during lite milling operation. prior mtools relenAs hut has not v% et been studie.
to lthe hleat trcatinlent, was recognized as a large Studie. to' replace the hexaniethylene dithiol,
variable in the fornmulation. This (difficulty wait which was not comr~ercially available, were under-
ovcrcomae bly foriming tlie les volatile hydro- takeni. Glycol diiznercapto-acetate exhibited de-
chloridle of lthe diAllylainine. Since the strongly sirable chemical and physical characteriafCa and
bastir Inmtgnesiumi Oxidetlqe us inl the b)igitaal furinu- demtonstrated the capability of vulcanizing the
lattion decomposel lthe hydrochloride duiriiiv lthe modified polymner to vood rilvaiciii Prerw'rties.
miilling operation. it was replaced bY inagnesium Iligh temperature tests have not been conimplete-0
carbonate.
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but a suggested formnulation for fujtureý investiga- that (liaflylamine will react with fluorinated poly-
tion couldl be: nier. which normally (ross-link with cliamines,

Par A art pe htndrd o poyme byweiht and become a pendant group ats shown in the
Part.1 Prts er kndrd a!polyer b first reaction

Fluorinated Polymer --.------------------------ t100
Mediumn Thermial Carbon Black- .--ý--------------30 Reaction V'). I Reactive Site Formation
Magnesium Carbonate (Ci'.)---------------__ 20
I iallylainine 11 ;dm oeblorieI, - ---------- ------- I 'Fa
E'thylacetate --------- ) Ot..,mdviit upon desired viscosity i,-11- -C F2]-(I(ICII~I,..Ic

Part B Viton A ropoiyiner DIRIllylamine

Glycol Dininercapto-avetate-------------- -------- 1.5
Tri-n-anylianmine ----- 0.1-.2o (im-J*I(endet upon dvsired iceck-r~g

rate of vulcanization,. s50e, F
Acetone --------------- 4A needed to mnake a tionioge- C F

neous Solution. .C F,'ClIl,-('-C Polyme~r with

Sectionl 5.ClC ICI---l,-HC1

THEORETICAL Tlhe polymner did not cross-link (luring reaction
at 3100" F. However, treatment ait 3200 F cause

'rhis approach outlined for at roomi temperat- partial vulcanization, showing that the ailvhe unl-
ture vuilcanizattion systemn is lhasedl upon thme saturation was present after the treatment, andi
assumption that chemically active sites, through at :120' F, it became active. Tlhe polymner thus
which cross-linking with otheir chemicals can take umodified was extremiely' reactive toward dhiamines.
place ait lower temperatures, can be i.ttached to llexamethvlene (luimuinne gelled at solution before
the polymer. Many systems can be envisioned complete mixing could take place. Patra-plienvl-
using this b~asic approach, but fewv emerge ats efle uliamimine was found to be slower, btit contin-
heing practical. The dlvlm edimrata ned to cross-link ait high temperatures. Thle
'omfbinattion mis (described in this report is at presence of at secondary amnine, which could fur-
practical syvstemmi for certain fNorine-containing timer react with the polymner, could have resulted
polymers. frommm the addition of at primary amine structure

The formation of the active site was time impor- to the allylic unstituration. Piperazine was also
tant first step. Amines ats at class of chemnicamls able to affect vulcanization while attempts to
were known to he reactive towardl fluorinated vulcanize tile unmodifiedl polymer at room tern-
hydrocarbon polymers. Diamiines have been rec- perature with piperazine met with failure.(6)
ommnended in conventional (Irv rubber componp~l- Basctd upon this evidence, the diallvlainine is as-
ing as cross-linking i.gents for these polymners. sullied to be adducted to the polymer chain and to
(4) Thle mnechanismn oi this cross-linking react ion hesoniewhat activated by the fluorinated structure.
has been partially established as (lhe delixh3 'roialo- A room temperature cross-linking agent, which
genation of the polymer followed bY the~ addition would be ac-tive toward this unsaturation was the
of free amine to the resulting double hond.(5) next important feature of the system described.
An acid acv-eptor decomposes- thle amine hyudro- Since secondar ' amuine stn~ctures continued to
halide forived and allows thle reaction to go to cross-link at elevated temperatures, the agent
completion. The vulcanization of IICXILttuorop~ro- nieust !w difunctionad and lose its activity after
pylene-vinylidene fluoride copolYmner with mnono- mimdti:n to thle allylic unstituration.
amnines such ats n-bt',vl awiine suig'ests that at Piperazine at--I dminercaptans were found to Poel-
primary amnine structure possesses a difunctional sea3s these qualiti-s, hut hexameth~vlene (lithiol was
character. Thus, at se-ondlary amine is necebssrv selected as being more stsble and easier to control.
in order tl~vat the reactive site may Ix. attachedI The proposed cross-linking reaction is depicte"'
without cross-linking the polymer. It is theorized as follows:
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Reaction No. 2 ('ross-link Formation tertiary &mnines and moisture, were shuwn to
Pn~yme withcross-link the polymer at room tormpersture.

perlot rop+1B-Clit-A l- n,-'Iu,-dni-Cil'nlt--- ;I The vulcanizate developed essarntially full prop-
- -- erties in seven day. and demonstrated excellent

resistance to jet engine fuel at 400' F and air at
Ireit.'r t i*n ~I~mhn@I aml Mi~t Wi0 1' after a period of 70 hours.

C F.It is recognized that the systemn described is one
~[cvicat ~of maany, and that it is in need of further refine-

(~iI~CIIII,..C~b4'II ~,Miets. For example, the erd products required
are usually based upon liquid polymers, rather

I than svlvent solutions as used in this9 study.
Adhesion to aircraft construction materials is poor
and requires improvement. The It ,oratory meth-

I od of preparation is also in nieed of refinemnents for
~-.. ~ lar,...r V0.ulum1e production.
.Nhec0"-mhukiria It- spite of its deficiencies, thie systein is con-

(il-u ~ c~irfl~n, idered to be of major importance because it is the
i first to be disclosed in publications for cross-link-

-rF,-CII,--ý-C ~cr] irg the fluorirsted hydrocarbon polymers at
L CF1 room lemperatures.(4) Inmnitdiate application

in the area of fuel tank and structure snealants,
No sponging occut red dluring the vulcanmizationa. followed by its investigation in bladder type fuel

and as has been demionstrateua. the seven day vail- cells, fill anti drain type of sealants for rocket !uel
canized sheet was stable to 4000 and 5flfl F tankit, coated fabrics and dampening materials
temperatures with little additional cross-linking for electronic instruments, is anticipated.
occurring. It is, therefore, postulated that dimner-
captans, in the presence of a tertiary amine and APPENDIX
moisture, add to the aflllic unsaturation of the TABLI I.-Rok Of Ct"nR Of rOe. AfrmpfvOCUro .ii-
reactive sites and compllete the vulcanization masit Vihm A
reaction at rooni temperature without by-produc-t - I....- -________

formation. Time altr cat- Tensile EIos- I mok Hard-

~ .alysalm. tars aurrth.' uo. sat. iNoae

SUM ARY24 ................. 73 1100 24o 2

12 ....... 10 580 so as
To satisfy an urgent Air Force reg-iirement for 14-1................ 80 ?11o To 3

sealant materials and related pr'colucts capable of 169...............470 730 W53)
19........... ISao~ -.% 40 3Awithstanding high temperatures, a research pro- 21 day*.......... 1600 SIX a

gram was begun on ronnm temperature rulcanima- ____--

tioai systems for the fluorinated polymers. The
suutcesauu results obtained uider this prop-m TAOLK II.- Aot ea vm.efte v/ma froe.kpwaitar ruE.

rominali Vamd A
should provide a sound basis for lisp rapid cle-_______- --

velopment of the required products sine@ a pmect- T~~t.
cal system for rooni temperature crass-linking has Agiti oaejw araqsh 9a Iti.. ae c
evolved. 1 Ima bat h A Pfal

Thie system is based upon the principle that
active imnaaturstion could be attaiched to th Iosm M#0 5?

polymer rhaiji by a reaction with duallylamine in JP-4IuaW... IWO@ M M +&r
the prmsnce of magnesium oxide. Throug): thes ai Ow ... 10 no 0. 1a
site*. diniercaptans such as he'ramethylene dithiol _ _______

and glycodimcrcapto-aretate. whvn aided by * aIe~lud 166 boom at rooma twapstuef.
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Strain Aging Effects in Columbium
Due to Hydrogen

B. A. WILCOX

•BSTRACT- -The' strain aging tendencies of recrystallized, fine.
grained arc cest coltnmbium haie been ianestigated using two differ.
en experimental techniques., the jeasibilit" and accuracy of bath
methods hating first been eialuated by tests on 1020 steel. Tensile
strtining (up to about one percent strain) at -50° C remaled the
characteristic tpper and lon"r yield point found in BCC metal.
thi, effect being attributed to "'Courell Locking" of dislocations by
atm. spheres of interstitial atoms. Immediate re.straining oJ the
samples shoted no Y'i4d point effect since the dislocations iere
already wipinned. but suitable aging treatments (12l1-260* C)
caused the yield point to return as a result of dislocations being
relocked. the aging temperature dependence of the rote of yield
point return itas eraluated. and an actiuation eneyrv of 10,500
cal, mole wnas determined for the process. This twitle is consider.
ably tcme than the actitation energies for diffusion of carbon,
otxygen. and nitragen in columbium. bu. in good agreemen.t uit
the value, given by Albreru for yhidrogrn diffusion in Cb (Q - 9370
cal,'moe;. Is isathertforr ondcluded dai kIidrctm can be respunsi.
bile for mrain, aging in colunabium. This finding disagrees mith
the rewalts of Begl.e" ttho used a similar technique to determine an
actimston mur~v of 27.100 Cal Mole for the aernperautre dependence
of the ruse of vield point rturn in tolumbium. His condtusion
itus that a. ,m wms responsible for the strain aging effects.

Tim ability of kdropgm to cause dislomion pinning in colum.
bium was fuher substantiatd by usine d.ynamic modutls measure-
mews to study thAe simrin axing proces. Samples of Cb from the
some heat as "tose use" in ield point return studies, and samples
u*icA had been ks-lropen charged at 6S0* r for 7 hours uwer

deformed 2-3 permvw in compression. Tie dytamir modulds
kmmsured a. roo empt•• ur) was derease as a revul of
dislocration unpinning during d&fomotion, but ineismed sowrd
du original unstivined islue as a esed of aging at sampffetru
frnm24 to 97 C. Ieeimaian enris Jor thesrain aga procs
uwer odeamined for &h uanchargted anc' the hydroe 4argoi
matrial (Q- ,83-828 cutaltmoe, uncharge; Q-SOS-9920 ul//
mole, hvdrugencharged). ff 'ile A,#Wn charing dudrno SOSO-f
candy a.ect the ctitatian vrgy. the ti vati did cause a jourfold
incboeew in Ahefrvwyrnevf~x . A. of the rat equatzon.

Mles- Ac-0ar

Ismu fnheil thorth A& & ogen charging aowmaet
pthe coby ila tnw e . e reduct in arm of
wasile samples teat met 240 C ed a strain raw of 0OS minr"

Kmws Jdm sdfrwm 7-9 to 2 peen as a rult of hyd•rm cAging.

141



INTRODUCTION (c) Electrical resistivity; iron (21, 22).

(d) Notched bar impact atrength; steel (23).
Trhe refractoryi metals of Group 5A of the Peri- (e) Internal friction; iror (24, 25), Mo (26).

odic ('hart (V, ('b, and Ta) and of Group 6A (Cr, (f) Dynamni,.: modulus; steel, ('h (this
Mo, and W) have in recent "ears received consid- work).
erable attention as a mesult of their high melting 'T'e most widely accepted explanation of the
point and their high temperature strength. Re- mimechanism of dislocation-interstitial interaction
searchers lhey found, however, that in order to is based upon the classical papers of Cottrell (27),
minimize harmful oxidation, fabrication should he and Nabarro (28), and the later enlargement by
carried out at the lowest feasible temnperatuics. ('ottrell and Bilby (20). In essence the theory
Many investigationq have therefnre been under states that the stresses around a dislocation may
taken to evaluate the mnechanical behavior of these be relieved by the mnigration of solute atoms to the
metals at lower temperatures. Such studies have vicinity of the dislocation. Tile "atmosphere"
revealed that these B(CC refractory imetals behave formed then pins the diskcation until a sufcient
in muashy ways lik. alpha iron and mild steel. In driving force (e.g. applied stress) is ( certed to
particular, the intraction of dislocations with ina- break the dislocation free. Tile concept of strain
purity interstitial elemnents has been found to aging arises from the fact that aging after plastic
affect in a similar fashion many niechanical prop- deformation allows the solute atonms to diffuse to
erties of both alpha iron and the BC(' refractorY the unpinned dislocations, thereby relocking
viletals. them.

Among the properties and phenomena which It is well known that carbon, and nitrogen are
have been influenced by or attributed to the inter- capable of causing dislocation pinning in a-iron
action of interstitial elements with dislocations, and steel. Rogers (30, 31) has shown. in addition,
are the following: that hydrogen can cause dislocation locking in

(1) Upper and lower yield point effect; steel steel at low temperatures and in the absence of
(1), V (2), ('b (3), T& (4), ('r (5), Mo (6). carbon and nitrogen. Howeler, no thorough in-
W (7). vestigations have been made to determine which

(2) The strong temperature dependence of the interstitial elements are responsible for the strain
tensile and yield strengths at low temrcra- aging behavior in the refractory metals. Begley
tures; iron (8), VA ('b, Ta, ('r, Mo. and W (3) has obtained preliminary data from yield point
(9). return studies which indicate that oxygen may be

(3) Delayed yielding and preyield microcreep; responsible in ('b, and Loomia and Carlson (2)
mild steel (10, IH, 12). (Cb and Ta (13), Mo have observed that hydrogen is more effective than
(13, 14, 15). C. 0. or N in raising the ductile-brittle transition

(4• The dependence upon strain rate tor cycling tmperature of vanadium. Maringer and
rate) of the following: Sclwopte (26) have postulated that strain aging
(a) The "blue brittle temperature; i.e. the in Mo is due to carbon. However the activation

temperature at which a maxinmuna oc- energy for strain aging. (15,600/cal/mole), does
curs in a plot of strength vs. tempera- not agree with the activation energy for the dif-
ture: mild steel (m.), ('b, V, Ta, Cr, fusion of carbon in .\o (Q-33,400 cal/mole, Ret.
and W (9). 32).

(h) The temperature at which a inaXimaxllam It has therefore been the objective of this pro-
is observed in a plot of cycles to failure grain to investigate quantatively the atain aging
ib fati, e) vs. test temperature: steel behavior of coluwnbium, in order to determine
( 7), Mo 1,181 which interstitial lemnent (s) can cause dislocation

(r) The ductile-brittle transition tentlwra- locking. The technique of nweauring yield point
ture; V, ('ha I'. Cr. \to. and WI 9). return as a functien of aging time and tea ,perature

(5) Strain aging, which can be measured by ob- has previously been used to study strain aging (3,
serving changes in the following prort'rties 20). To the authors knowledge, dynami modulus
during aging after plastic deforauition; measureanents have not previously been used to
(a) Iladnesi.q steel (I, iu tmeure strain aging, although workers at Brown
(b) Yield roint return: steel (20, this work). University (33) have used this method to examine

('b (3, this work). change. after deformation of Al and Cu.
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MATERIAL 22•0

The arc imelted columbiun oisd in this investi-
gation was proeurred from F•n.stf-! -t allurgical 20
Corp. in the form of I' ineh diea,'eter recrystallized (bl )

rod, having a very fine grain si.,. of approxinmately
700 grains per sq. inro. The chemical analysis of 1 L L 1
the as-received niateri.) is shown in Table I. 220

T.,DLE I.--_Amical nnalysis of mairri as, weight percent

Material H C (0 N2I

Comm. are cut 1
Cb ----.------. <0. O010 <0.00504) 0.0117 0.0049-

Hydrogenated Cb 0. 0779 --------- 0. 0848 0. U.541 175C
io20 steel ................. i 0.21 ........ 0.007 11. 0 DQ 0 .

Stain InA/Is

llydrogtnation of the arc ||elted (b wa& accomp-
lished by annealing in a dry hydrogen atsmopherc Fi;-aE I. Load-train curves for one sample of corn-
for 7 hr. at 65* ('. This annealing treatment nercial are melted Cb, tested at -SO- C snd a strain

rate of U.005 min.-'. Critical airing time taken as 4 main.was sufficient to calUse a hydride .4('ohil ph~a-4, to ~ iiillaigI)Insit eodn

fornm throughout the :naterial. The analvsis in (s) hntial loading (b) Imm ate relo.ding
• D.-O.2152" D.=0.212,5"

Table I shows that the treatimment raied the hydro- 'c' %ied 260W C. 3 min. (d) Aged 2600 C, 4 mini.
gen content from less than 10 ppm to 779 ppm. D.=0.2123" D.=-0.2120"

The It inch dia. 1020 steel rod, which was used
to evaluate the feasibility of the experimental formed in a Precision Scientific Co. furnace, with
techniques, was annealed for "3 hours at 700 V a temperature control of +20 C.
in air and furnace coled prior t,, specimen Drepara- Initial plastic straining of specimens (to about
tion. I ; strain) resulted in the characteristic upper and

lower yield points, the upper yield point being
EXPERIMENTAL PROCEDURF that strew required to break an "avalanche" of

dislocationsi free, from their pinning atmosphere.
Yield Pnies Rituarm: F.erimenta using yield and the lower yield point being the strem required

point ineasurenienta were performurd on 1020 steel to :naintain the notion of the dislocations in their
and as-received ('b. The tensile a'mples were slip plants once they had been tonm free. l1-
:14 inches long with a I inch gage length and a 'age mediate r-luading produced load-strain curves
diameter of 0.215 inch. AD tenile tetta werv which exhibited no yield drop. The sample were
made on a "hard" Baldwin-Einery SR-4 Testing then repestedly strained and aged until the time
Machine. Model FGT. taint a constant strain at which the .ield drop just barely returned was
rate of 0 005 in in min, the lowd4train curves being delennined. A boat drop of approximately 2%)
recorded autogra.hically. A teniperatuirof -- "N" p ounLm (about 55O psi) was arbitrarily selted as
C was uMsd for testing the 102O steel and c. bein evidence of the yield point return. Figure
test temperature of --. )' C was soleletel for l:e I iiusti.,utes a typi al seres of load strain curves
ohmnibiunt experintents in order to tnore closely the region of tho yield point for a sample of Cb

dupl.cate the test conditions usd hy elley (3i. aged at 260" C.
The low temperature testing not only promoteal Fire samples of steel. and four sampie of ao-
the yield point drop, but minimined interstitial recived columbium were wesed. ud critical tim a
diffusion during teWting and during the timne t took of sarg as a function of tempeatur* were found
tu tranefer the sample from the test machine to the to be: steel. 23" C. 435 nin; 36' C. 70 mi ;
aging enrivonmem t. A.ng brtwee"a mom temper- 50" C, 15 min; $I* C. 5.3 mii; Wve C. 0.17 min;
ature sod We'(" wasrtwnpliuied n a water bath enlumbium, 121' C, 145 min; 149" C, 50 min;
with a temperature control of ±0.59 C. At 204 C. 12 mrin. 260e C. 4 min. The temperature
higbe tesimpemture, (to 260' C). agil; was pea. dep..dence of the ri , . .%4 - .

143



' I I I I sion of C in a-Fe (Q=20,100 cal/mole, see Table

2 0 11). The activation energy for str~ain aging of Cb
is considerably lower than values for the dilfiision

,~ - ~ ~of C', 0, and Ný in Cb (see Table 11), but iR in good
, /agreement with the Q value for tediLuscno

e~1/..i. hydrogen in Cb (Albrecht, et al. (35)1iv

-2 \ \7 reasonable to conclude that hydrogen can be re-

"0 ~sponsible for strain aging in columabiumi.
Thjnam',c Modulfu8: In order to further validate

-9 -. C tt the thesis that hydrogen can cause dislocation
~.1/..ielocking in Cb, .2aiplen of ias-rseeived col'jmbiurn

a and hydrogen charged columbiumn were tested
using dynainic iiioduius as a mteasn of measuring
strain aing. The feasibility and accuiracy of
this technique was first evaluated by tests on

-~ ~ .~ ~1020 steel.
!A ý. ,e 3.2 3. Dynamic mnoduli of the various specimens were

~o3 ~',Scalculated from resonant frequency measurements,

FiGURE 2. Arrhenitiq plots of yield point return strain afe-reba ehiu en sdt eemn

aging data for coinmercial .Cb and 1020 steel, resonant frequency. A tran.isverse sonic wave
was propogoeed the length of a sample, having

found to be adequately expressed by an Arrhenius- nominal dimensions of 3" x %4 x Y4", the Y4"

type rate equation of the form: dimen~sion being in the plane of vibration. All
resonant frequency measurements were made at

rate=Ac--'" T  (Frl 1) room temperature, the temperature of the room
being controlled to about ± Ia C. An E-Scope

where A=freij;iqncy factor, Q~activation energy, Sonic Analyser was used to excite the specimen,

R=gas constant, and T=absolute temperature. and the piek-up was transmitted directly to a
The data is plotted in figure 2 as the natural Berkeley Eput Meter where the resonant frequency
logarithm ()f the rate of yield point return versus was counted in cyclen per second.
reciprocal absolute temperature. The results of The dynainic modulus of elasticity was cal-
Begley are also shown for cemparisolai purposes. .'uilated using the following relationship:

An activatv'n energy of 22,700 cal/mnole was
determined for the strain aging of 1020 steel, and a E= 4717F (Eq. 2)
value of 10,500l cal/mole was determined for
columbium. The value for steel is in reasonable where E= modulus in psi, F,=resonant frequency

agreement with the activation energy for the diffu- in cps, II'= weight of specimnen in pounds and

TASLEZI I.-Slim mary of diffusion data for interetulsale in columbium and iron

Base metal Diffusing element Do, cm'/isec Q, cal/miole Ref.

Columbium.............-OxYgen...................00147 27,.600 Ang (36)
Columnbium .............. Oxygen...................0k 00407 24, 1)N0 Klapp et al. (37)
Cotumk'Iumný.............Oxyen........... ...... 0-- .a014 26,600 Powers and Doyle (38)
Cole mblum.............-O01ygen . .. -.. ........... 22, 000 Marx et al. (39

C~olumbium .............. Nitrogen..................0.098 38, GMO Ang (36)
Collumbium.............Nitroen .................. 0 0072 34, 800 Powers and Doyle (00)
Columblumn.............. ..trOgen ................. 0.061 K8W80 Albrecht and Uoode (41)

.Iubur ... ... Nitroeni -- ----- ------- 35~ 700 Marx et al. (9

Coiluiur.................Csirbwn.......... ......-- 0. 0046 33, 000 Powers and D~oyle (40)
Columbhum..... ........ Carbon..................0.015 27, 000 Wert (42)

Cohmbum.........Hdroen........~ 0. 0215 9, 370 Albrecht et al. (35)
Iron.....n.............CaHyrbon....._......... 02 20,,100 Wert (43)
1rue.. ý... .............. Carbogn .... ............ 003 18, 0 Wert (42)
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2.4.5. X _.-V. T L b, atnd t, heing ,'espectivelv a rather sporadic effect on the modulus of the
btl l.sdrogenated Cb, sometimes slightly raising it

the length, width, and thickness in inches. Tlhe h!ove the unstraitied value and other times
termn T is a correction fa3ctor given by T=#,,, slightly lowering it. This erratic behavior is
KIL), where , designates it function, a-=Poiston's probably associated with the presence of tLe
ratio, and1 K=radius of gyr.tion=0.298 t for
a prism. The values of T were determined with TADLZ &1I.-Data for commercial columbium, hydrogenalrd
the aid of Ref. :34, ini :hich T is plotted1 ve s colun6iium, and 1020 sceel, showing the effects of deformaz-

lion illd subsequent aging on the dynamic modulus. All
K/L for various N ,s of v. modulus measurements made at room temperature

Plastic deforianilion % as achieved by compress-
ing the samples in the I1 inch direction, using a E., mod. E., max.j

E', mod. -|inted. re- ihead travel rate of 0.005 in/riiiai, i.e. approximate of unde- after covered Aging
strain rate of 0.02 in/ininm . The as-received Material formed defor- mod. temp.,spec. "mation (at aging 

0 C.

Cb and 1020 steel were compressed 3 per, ,nt, (Spe. mo-o peat) i

but, the hydrogenated Cb was deformed only psi) psi) (10'
2 percent, since the charging treatment was _ i psi)

found to cause considerable embrittlement. Comm. Cb-------- 15. 861 15. 764

The dynamic modulus was determined before Comm. Cb ------- 16. 053 16.033 16.092 37
deformation, immediately after deformation, and Comm. Cb ------- 15. 997 15. 727 15. 798 53

Comm. Cb ---------- 16.002 15.878 15. 954 73
after various times of aging at temperatures from Comm. Cb .....-- 15. 935 15. 638 15. 697 94

24' C to 990 C. All aging was done in a constant Hydrogenated Cb---- 13. 839 15. 024 15. 949 24
Hydrogenated Cb ....- 14. 857 15. 232 16. 234 53

temperature water bath. it was found that Hydrogenated Cb ---- -5.607 15.10 0  16.059 73
plastic deformation decreased the modulus of Hydrogenated Cb .... 13. 446 14. 817 16. 338 04

ItW2O stel ----------- 30.719 30.221 30.409 24
steel by about 0.3-0,5Xl06 psi. A similar de- 1020 steel --------- 30. 582 30.267 30.391 29
crease of about 0.1 -0.3X 10' psi wtr.s noted for the 1020 steel ----------- 30. 614 30. 209 30. 341 3-.5

1020 steel - ------- 30. 704 30. 305 30. 403 40
as-received colunibiuii, thie miodulus lowering in 1020 steel ---------- 30. 603 30. 137 30. 248 55
both cases being attributed to k eating free dislo- 1020 steel ----------- 30. 688 30. 390 30. 611 66

1020 steel ---------- 30. 688 30. 374 30. 497 79cations, both by unpinning locked ones and by 1020 steel ----------- 30. 641 30. 335 30. 478 99
generating fresh ones. Plastic deforinat ion caused I - - I - T-M

0.2 I fil Il~ IT 1 I u1 I I 51 I Ilii

35 29

0.1

0.1 1 1.0 100 1000 10,000

Aging Tim, Kin.

Fioune 3. Recovery of dynamic modulus of 1020 steel as a function of aging time and temperature after 3% deforma-

tion by compression. AU modulus measurements at room temperature.
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73
'.3 53

I0.05-9L

0.1 10 100 1000
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FioaRs 4. Recovery of dynamic modulus of as-received commercial Cb as a function of aging time and temperature,
after 3 percent deformation by compression. All modulus measurements at room temperature.

brittle second phase of columbium hydride. The and o.05X10' psi, as taken from Figure 3. The
values of E', tho undeformed modulus and E., the calculated activation energy of 21,000-21,700
modulus immediately after deformation, are listed cal/mole is in excellent agreement with the activa-
in Table III for all three materials tested. tion energy for the diffusion of carbon in iron.

Aging after deformation was found to increase Similar plots for as-received and hydrogen charged
the modulus above that of the freshly deformed Cb are shown in Figure 7. The activation
material, the rate of recovery being faster, the energies for the strain aging process being 7,830-
higher the iging temperature. The modulus re- 8,280 cal/mole, as received Cb; and 8,080-9,920
cove-y is defined as AE=E,-Eo, where E, is the cal/mole, hydrogenated Cb. Them values are in
modulvs after aging time t. The moduli re- close agreement with the value of 9,370 cal/mole
coveries as a lanction of aging time and tempera- for hydrogen diffusion in Cb. The frequency
ture are illustrated in Figures 3, 4, and 5 for 1020 factor, A, in the rate equation was calculated for
steel, as-received Cb, and hydrogenated Cb as-received Cb and hydrogenated Cb from the
respectively. In each case it is noted that an Arrhenius plots for E=0.050XI0s psi. More
aging peak is present. The moduli values at the than a fourfold increase in the value of A was
aging peaks, E,, are given in Table III. It is caused by the hydrogen charging treatment:
noted in Ttble III that for 1020 steel the maximum as-received, A=5.9X 10' min-'; hydrogen an-
modulus increase due to aging (i.e. at the agirg nealed, A=27.5X101 min'.
peak) is about 30 to 50 percent of the total decrease
caused by deformation, and in the case of as- DISCUSSION
received columbium, aging causes 20 to 100 percent
recovery. The hydrogenated Cb again behaves The investigations on 1020 steel, using yield

unusually, the degree of modulus recovery being point return and dynamic modulus measurements,
more than an order of magnitude greater than that have shown that these techniques are satisfactory

of the steel or as-received Cb. methods for studying the kinetics of the strain

The temperature dependence of the modulus aging process. The close agreement between the

recovery rate was found to be satisfactorily ex- activation energies for strain aging of steel, and

pressed by an Arrhenius-type rate equation. Fig. that for the diffusion of carbon in iron, leave little

6 shows Arrhenius plots for 1020 steel, at iso- doubt as to the applicability of the experimental

modulus recovery values of AE-0.10XI0' psi approach.
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Fintalx 5. Recovery of dynamic modulus of hydro•enated Cb (60* C, 7 hr.) u a function of aging lime and tent-
wrnttilre, after 2 percent deformation hy 'omrwesaion. All modulu* m.utremmnt% at room tuerstuv.

The disag•eenent between the yield point strain rate consderably greater than that tind in
strain aging work on as-received Ch and the the praw-Nt iivestigations (4-.OGnlMin, flqiy;
earlier work of Begley (3). (w Fig. 2) #-ight be #-0,O005?min, this wwk). It is hard to visualize.
related to differvnces in mtetallurgicl variables Low vwe, how any of these diffetenc could rsult
such as material composition or grain size; or to in a different ectivation en.vM for strain agi.
test variables such as difference in itrain rate The dicrepancy can be rationalized. howrare. by
The analysis given by BeWley is: o.0o3-o.004 elininating omw point from Eqgty's Abactius
percent oxygen, 0.002-0.00b percent nitrogen, plot (aS. "!ottsd curve i,. Fig. 2, If a streight
and 0.024--0.X8 perrent carbon. The matteri! line is drawn thruh the two lower points it is
used in this w.jrk had a higher oxygen ctntent am that the mlo* is iinw ticad l to ,L1t
and u lower carbon content (see Table I). Thue deteinined in this work. From exairnittatio of
grain size of Ileley's material was intach c.arser. Begley's data it would appear that the nooet -d
appnximately 250 grMins'nimit', as coparetl to point was the ote deterntinetl with1 the |eamt
*bWal 770 gmains'mu' for this work'; and the dgree of precision.
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2a

* AE =O.05 x 106 psi

'~~ -= 9 ~ 21,?X ca1/iiole

4 ~ AE 0.10 x 106 psi
4= 21,000 Cal/sole

-6

2.5 2.7 24 ~ 3.1 3.3 3.5 3.7

Furn &. Arethoai Out4 of dyou~tahe i**u 9raisag.ue 4MA for IM *"*Ioe

An~ rwstogi featur, rvy,.lqW in tke dyrnamic action, then the aging peuks may posibiy be dir.
mnodulus strain aging oawin. to that for all !hwy to coolvurocnc of the precipitates as a i~wet of
initerialk the strain aging cuivre exhibiit a -niai "ovet-agini(. %4nc* the me.*4re.-path betwej~
mrno, or agit-4 prel. A~ plauMblo explanation for particles ancmevics. the Pinning maotibution of the
this pbeemetvnow can be given Using ronclumion prectp"tat.s ilecA~sks am tho Wtidutus d.erma"
drawnt by Thonam uAd look (23) (tam their after reahn a toaximwu dvgre ofat recovey.
minernal friction strain aging rnveitig.bioo of I)xdoreh* Dematwtrk The dynamisc modulue
alpha-iron. 'fThew workera hare si'owu that the strain aging data has herse treated to al-ow raka.-
nurnbeh a ofarbon or nitrs"e atoms attracted to lotion Ga disloation densitive of the delaofrw.4d &a*
a diod~ataon in &.mmo sxov he, whiibdir limnti Ord nialfriala utitimsn the Colttes4-R Iy .squa.
in the lattier smarounduwht tk. lOration. qtL~rvbi tion (Ref. 29). Th* CR asyoel relat.. the
rvoialtuig mn the formation of small aohieet fruriaon. 'L of golute whicha him micrvttd to
;z-npit@,IvPa erncl the dhAanratian, It them dialocatiota dnurig aging after deformation to the

tast#*t contruibuate t( the atunsasphoer panninig agivig tinwie (mc) vAr teomperattae T (*K) by



I I I i Eq. (4) reduces to Eq. '3) when the exponent is
Ssmnall.

Ai. 0.•a la ,.I Deterniination of the constant "A" requires

" -•...• - sowe consideration. Cottrell and Bilby estimated

" "A" to be 3.0XIO0- dyne cm2 using lattice
"• ., 1 ,.._ --.. parameter neasuremtents on martensite, as re-

UF ~.ported by Lepson and Parker (44). Since no
experimental data is available regarding the
effect of hydrogen on the lattice parameter of Cb,
a special theoretical treatment (see Appendix)

"- . , L......---,- . ..L... ' was necessary to determine "A" for the case of

. 1•1• II in ('b. The value so determined is 1.4XI0-
* 4t J dyne ci'. Now by inserting the constants in

"- Eq. (5), the following relationshipa are determined:

.• ~ j~C in a-Fe In(1 -. )- -12.6X 10-3 ),(Dr/fT)"S• ,i• :., l÷(Eq. 6)

i " in Cab n(l-J)=-7.5X1O0'X(Dt/T)f7 s

"" (i. 7)

1 Therefore if In (1-f) is )lotted vernus (Dr/T7)".
-1 L.......j..,,, J it is poisible to evaluate the dislocation density,

"..1 •''.X ), front the slope.
' -, •-Such plotA are shown ir. Figure 8 for 3s-received

FiotG 7. Arrheniu* plots of dynamic modulUs strain Cb and hydrogen charged Cb, the measure of f
agiag data for a&-roceived v•.,mercial Ch and hydro- being taken as (E,-E,)/(E.-E,), or AE1AE
"galated Cb. max. The calculated d shlcation densities are:

the following equation: 2.5X 10' linescam' for as received Cb compremsed
3 percent. and 1.4 X 10? lines/cm' for hydrogen

f=x(t);N.=,a)(ADL1tkTl'_. (Eq. 3 annealed Cb compremed 2 p,•,;. A smilar

where *ar) is the number of soaute atoms per unit technique yielded a dcnsitv of S Y 10" !ieeea'sru

volume of material that have migrated to the for the 1020 steel (compressed 3 percent). The

dislocations. N. is the solute concentration t disocation densitie ar summarized in Tab'e

t-0, )x is the dislecation density in lineseni' 1t. together %it values of k determined by other

k is Boltmann's conamant,=L.38X0' dyne cm/ workers front strain aging studies on steel. The

"*K, a is a numerical constant equal to 3(v,2)a1, density fcr 1020 steel is seeti to be in reasonable

D-- the dilusity of slute in base metal in emI'sec sgreement with the results of previous inveritiga-
at temperature T, and .1 hi a constant depending lions. The values of X or Cb might appear
at thempeature T, wt. is a onsthantidepending sotmewhat lower than expected. However. th
on the 'rain introduced into the lattice by a low dislocation densties are not too unusual. wh
solute stem and his unite of dyne cm'.

Equation (3) is not valid for the latter at"s t is ed that columbiwn work hardensrels-
of aging. since the fitd atoms to anve at the tivtey slightly as compared to steel. Since the

didloestion am moer ef,,ctive in pinning than degre of work hardening is propowtional, in part.
stasar iving after longer aging times how- to the dislocation density, a lower density for a

eer" Harper (24) has proposed a simple gen l given amount of deformition would cofrresod to

zallio to fit the latter stages By sawluting that a omaller work hardening capaity.
hrmt a d(erned in• w)rtol~rn dipmHrogen F nE/frw'j: As reported rarlica it

the rate of tnigmtlon iWa noticed in the dynamic modulus strain airng
i. the amount alredy segated, the equation studies that the hydrogen charging treatment of

6,p0* C. 7 hr. cauied revere eenbritt[l-wnt. In

ftl-ep-e)(.4AD1kT)W (Eq. 4) order to evaluate the degree of embrittlement,

or one tensile sample of Cb, which Wd been charged
I,.(1-j- -aX(.4D,'k')" (Eq. 5 as above, was tresd in temsion at ronm tempers-
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~"'9%Hydrogenated Cb
Eb Compromsued 2

0.5 A= 14 x o i

-00

As-Received Cb
Comp~ressed 3~

Au2.5 x I0 lines/ca2

0.011 j*....*
0 2 46 8 10 12 14

(DttT)2/3 1 06

FiotseL ý%. !)jormotais drn.4ifieo' of m~-receieid commercial Ub and h 'vdrop'natMd Ch, u.4ing lharper's modification of
the CoettrrU.Bitt'v etiuston.

tur.' and a&strain rate' of COW'i minin'. The samiple to the point of formniing an internal hydridt, causes
fractured in n brittle fashcion, presuniably along great eminirittlem, jit. However it still retlmains to
the (100) c'leavage planes. (45). A photograph be shown wbetiwr or not relatively large amounts
of the fracture surface is shoit, in Figurte 9 to- of I ydrqcen in soiid solution can caus- a similar
gether wiithe a ductile fracture obtained by testing ruibnittling effect.
a piece of as-received ('b under the sein tondi-
tions of temperature Lila strain rate'. The tru., (:')NCLUSIONS
fracture streas, defined as load at fracture divided 1. Yield point return and dynamoic ntodulus
by' cross-t.'ctional areas at tra. turr, was greatly mu'asurremuent~s have been shown to be satisfactory

loweed ~ te hdroen teatnert. he ue- techniques for studving the ,train aiging or steel
tilit * vs vals4o treitientdously: decreased. lthe SRA aad coltunbiunt.
being lowered froma, d~i to ajiout 2 pet .'nt 2. The activation energines ralculaWe for striur

Mijeroetructures of lties a4i-rt'eVe ('b 2nd (toe aging of both ma-received mrinnerral aW melted
leYdrol-rnated ('h are shown in Figures 10 and I I ('b wid hydrogenated ('b were foitnd lo be in
respectively, lthe latter smeicrograph being takent lose agreeturnt with the activation energy for
near lthe tnittle fracture area shown in Figure 9. the diffusion of hydmogen in ('b. It is here' rr
The hydrogen charging treatment is seen to hare concluded that hydrar;en is the interittiOWa element
introducod a large amtount of hydride aesonci rr*1wmtib'qo for strain aging in C~ifeit~
plhase. The rukbrittling effect of the hydride' is .hr.rsnad&ai~ fth orl.i
-een in Figure I I by the transgraulart clesiae'gi eqia1tioin" has been 4si~eoi:applie to
crack. It ite evident that nydrogen charging ('b d-knar.,ir nodulus strain aging date.aim &Wng
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TA3LIA IV'. - I)ialoeof i*n 'encisa izrn defoFMttt COIUMbiUs 4nd iron,, determidned froma appimca~iin o! Calfirr.&IBif equation .0
sta~tin aging metasurements

P Ier- ('OMPOAitaoal Lisloeation
Material Me'ans ed Mew hod of mens,~ rent I - density Ref.

straillin., stran aging tri lines/cm2

Chu~.(i (o:)ma;~ "im k ls~inic nHtIidulwO 3 o. 0.005 0. OG491 2. Sx 10, Thi work.
11vdrozenaled Ch(aanilp".-iom D lanic n~iv#W44~u 2 0). 0779 - .. 0 0546 1. 4X 102 This work.
"i2l0 sterl . ( - C rvlpa',.-oa I )*ý 11tlic nmodulls 3 . it. 0. a 0w7 8 < 10'' ThiA work.
It.l.S. R. A. Fe Trension !nteru,:,l frietiin 7 - 0.015 7. 7X 210 Thomias arA

fIAsk (25).
P. I.S. I. A. Fe. . Tension. lotc.n.an frictiona. 7 II .A ti d.x 106if
l1.I.)A.R.A. Fe Trimion. lInteriAl friction 7 , 009 & *. 5x on'

.I.l..Fe . Tensiotia Interniti friction 7 0.L 0055 . 4. OX 1016(21
Pu.ron Fr Tension. laitprit:d f Lict ion 5 0I.015 . - . 86X UP, Harper(2.
I'uroul Fe.. Tension l nter:,i.t friction . 0 0. 009 .. 2 46X 104.
Pucnm Fe... Tension, Initervail friction 15I 0.013 A . 722X !G*l
Fr . Trnaaon .. ~ Ftetriv*aI resi*- 4. 5 . 0.015 . 0. 82X 10m6 Dahl and

tinit . Lucke
i (22).

Pr .Ten..ion Eecet Valt retsin &t 1 . (015 1 1. 67X tO'
ti-itsv.

Fe-......Tni, . 0 .I 008... ...0 I&<10'
t*Ihity~

Fe. .. Red. by Ejertrio~ifes. Sn 0.CL07 OL 004 7 X to* Cotuiell and
draw'nR. livitv. I6X 1013 Churvb-

umn (2l).
Fe........Red. llv Electrical fewis. 23 . . 0.07 0.004 1x006-

drstwinK. t% 4.. aX t0,
Fe. .Red. b '% D~ectnca! wsi- 42 .. 007 0a004 :x low-

drawiziac thjaty. $ x 10",

Hyamlied C1u, al np nefr I.by 0p' 7 7,

Tw_ ret. stre. pdstiurio0O ml' It So A w . - -r

True. Out. "M40. Fs 2W It 7WW o w eirt with dw Owee n.. tito bema

K) (I" - 1 . 44 is~ tufi'. The rvlatirc4y 6ow dveugtitiio doopmuwwd for
It. ... .. .79 1.7 c'nuh'hewa can be raiionahsed by fv.EBtng that

'sl
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(0

Fioria a. Interstiti.0 positions

hown schematieally in BCC Fiot-a c. (100) Plane with one inter-
lattije. stitial atom at %,0,0 site.

Inserting these terms in Eq. (b) gives:

By inserti4 .he appropriate values of d, x, and a.
for the Fe-C and Cb-H systems, values of %V are
determined to be: AV=l.87XlO-" cm' for (C in

Fe, and AV=0.55X 10-' em' for H in Cb.
It is noted that the calculated AT- due to C in

Fe is larger by a factor of two than that determined
from experimental data. The error decrease. con-
siderably, however, when the distortion is lows,
since the decrement of distortion enters am a cubed
ten,. It is therefore felt that the value of AVfor
HI in Cb is in emor by Im than a factor of two.

[0- % The value of "A" for H in Cb, from Eq. (a) is
determined to be 1.4 X 10-0 dye em', usitg value.

rlotiu b. (100) P .twithut it.- of G-3.75XIP" dyne/cm', d,2.85XI<0" er,
tuit atom. and -O.38.
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The Effect of Gravity on Free Convection Heat
Transfer

The Feasibility of Using an Electromagnetic Body Force

D. A. KIRK

ABSTRACt-Theories concerning the instability and motion of a
fluid heated from below predict the effect of various physic l'
parameters. Experimental investigations have succeeded in widely
vreying all parameters, except gravity, in order to determine the
validity of the theories. In etra.terrestrial heat transfer applica.
tions, suci as in free convection, boiling, and condensation, the
effect of g uvity shou'd h-, verified by experiment.

This report considers the feasibility of using ma impressed
electromagnetic body force acting parallel to the earth's gravita-
tional field. The resultant of this electrmnagnetic force and the
ground lev4 gravitational force is said to be an "equivalent gravita-
tional" force acting on the fluid mass. Based on the analysis
made, a series of experiments can be performed to ascertain the
quantitative contribution of gravity, over the range from -13.6
to 15.6 times ground level gravity, on free convection heat transfer.
An apparatus is presently being fabricated to conduct an exptri.
ment for the case when heat is applied from below.

Section 1. and is presently being fabricated tW cond'ict such
experiments. Figure 1 shrews a preliminary

INTRODUCTION schematic of the test cell as designed by the
University of Dayton Research Institute.

This report considers the feasibility of using The system to be investigated is free convection
an electromagnetic body force to act in the plane heat transfer in liquids confined by two horizontal
which the earth's gravitational body force acts plates and heated from below. By varying the
on a liquid mass. This electromagnetic body resultant body force by electromagnetic means
force will be induced by passing a horizontal the convective force for heat transfer can be
electric current through a conducting liquid varied without changing the temperature gradient,
medium in the presence of a horizontal magnetic or the liquid's properties of mass density and
field which is perpendicular to the impressed thermal expansion coefficient. The possible range
electric current. The net force acting can be of -13.6 to 15.6 "gravities" will' enable experi-
considered as the number ,f "gravities" acting ments to be conducted under conditions heretofore
on a %)ytem. An apparatus has been designed impossible.
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Sources of errors ar.d the interfering effects away from a charge Q,. This

of the impressed magneti, ýmd electric fields are ,
analyzed. Necessary iitroductory theor;." of IV .. ... . (4Q

Maxwell's field equationz, and free eonvecti"v J Q 41re . ? 4ar1

heat transfer are given to more easily interpret Taking the gr-dient of equation (4) the following
the analysis section of this report. is found

Except where specific. 'ly noted, the rationalized -

meter-kilogram-second tMKS) system will be V r*m

uE-d throughout.
The force induced by motion in a static magnetic

Section 2. fiehl (equation 3) does not affect the potential

THEORY along the pa:h of the charge, since

4. Electric and Magnetic Field*.~ 6

Trhe purpose of this section is to show briefly

the souice mnd meaning of .Maxwell's ejuatioum. For conduction of charges in metals a geneal-

For a more complete development of the field i71d Ohi's Law may be derived from a simple

equations the readier is referred to the many*V forre balance. In metals, the restoring force on

appropriate texts available by authors such as electrons is ,,--iggible and at low electric field

Bennett anti (',-others (1926), Pap anti Adamns frequencies electrn inertia can also be neglected.

(1940), Slater anti Frank (1947), WM.her (1950). The total field force given by equations (2) and

and boast (1956). (3) is in equilibrium with the din r- fwme .W.r.

Electromagnetic theory deals with the forces is aMOUIefd te be proportional to the velocity of

acting on charges and current. An electric the electron. Thus,

charge at a given point in space is acted on by two

types of forces: an electric force independent o+

velocity, and K inagnewti force prupurtiourl to its or

velocity. Different chargst at the same point in .)S.eC

space are acted on by different amounts of force.
"rod the strength of the charge is defined as being

proportional to the niagnitude of frve acting an wherN is W the electron's nam and ** is the

it in a given field. ('oulonth's Law stats that the dampuig cobetant of proportionafity. If N. is

force on a p.oint charg,-. Q. in an electrical field of the number a coaducting ejctraons per unit

in;,naitv, tis volume, the current demely is

This electric field intensity can be thought of as me
being raused hy another point char. q. at a
distance r apart from, Q. Thus Fcsn be defined as where is the Metal's coduciity or te propor-

tiQoality 00s401t of Ohmbs LAw.

4(2) 1Farday's Law of miudetion i basically the
swm so Ampere's ora law. aice the forme

For a char.e, Q. movisg in a man•etic field cf flux riMemr to msnt~ic fie d changes md fixnd cogm

densit,. ft. Amperr's forcW law states while tWe latter rWo to a " magnetic field
and moving char To me te smilarity in

(3' tbise two law'a equation 0ti) is written in a tors

The sca.'r potential. #. may be defined from
ut'a•,mbs' Las, b oAsidering the work required "P. 4S d "; -. -

to car-y the charg Q from inkity to a -=s-anot- ai•W.
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Firuat 2. G(onm.y umA for Fmraday's law of induction.

where 7 a general position vector of the charge whoem S is any open surface bounded by a closed
aid wiithecharge'svelcity. Forsatationar curve, *. By applying Stokes' theorem to the left
charge equation (9) gi one of Fada a W f equation (12) the differeutial form is ruuud

&--, ()(14)

A more cmmon form is found by conuiderig a(

positive inereai in the ecalar lect-ical poteatiel
Jug the line lmenet, d*. am shown in liVre I A changing m'gnetic flux density has betn

shown to produce an electric field intensity of
41 7 re (4 F)rotational chuscutr as given by sque~on (14).

(1t) Ampere, Rowland and Maxwell have shown by
different mewn that the convee 6s trte, i.e.. a

The element of area, -dq,-XF as shown in changing sel-ui- flux density will produce a
Fqgnre 2. is geodraly usMd to give the intefra magnetic field int•nsity of rotational chaaacte. ,
form. ThIs con..tuwn ,other basic experimenta& rela-

-- - -(12) tion beyond thOe indicated by equations (2) and

at (S). Before this additional law is swaed quanti-
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tatively, the continuity equation of electric flux The rate of change of static charge density termi
density 71 and electric current density j will be can be evaluated from equation (19)
developed to establish their interrelationship.

From Coulomb's law (equation 2) the electric v.(qD)+v.(• =0 (24)
flux density is defined as

of,D= wF=r' (15) orD

4T#q(V;)+•'q+7(• ---- (25)

The net outwý,.rd flux fromn an inclosed surface S

containing ii number of charges each, some
distance r form the differential area d3 is Each term of equation (25) can be thought of as

being the divergence of a different type current
1.3=-'7 -•-S (16) density, namely, conducticr concection, and dis-

f .Is=ý 4rr- placement, respectively. Tbus equation (25)
means that the total current in a specified direc-

where ds-=-rdt and 12 is a solid angle. Simpli- tion across any closed surface is at any instant of
fying, time equal to zero. Total current across an open

surface is then defined as sum of the conduction,
dardfl,. Q, (17) convection, and displacement currents.

P i a=TMaxwell generalized Ampere's and Rowland's
Applying the divergence theorem to T) and assure- equations into the following law which has since
ing a continuous distribution o; charge, been experimentally verified: "Work done by a

is magnetic force 77 in moving a unit magnetic pole
d(Q; ) the continuity of charge equationd around any closed path s is proportional to the

fourd tine rate of increase of flux of electric force F
through any open surface bounded by a". Here

ID. 34v. =.T - (18) 7, the magnetic force per unit pole, is defined in
the same manner as R, the electric force per

V.D=q (19) unit charge, was defined in equation (2); however,
in practice the gradient of a scalar potential is

dv is a differential volumne contained within the used in speaking of these vector fields as in equa-
closed surface S. Charge flow density q1 can be tion (5). Thi law can be stated mathematically
thought of as electric current density 3 thus as

el (0 d3 (26)

The total flux of charge flow leaving a volume P - JaD

must equal to rate of decrease of charge contained
within that volunie, assuminig that churges are when the rationalized MKS system of units is
indestructible and uncreatable. In equation form used, the proportional-ty constant is defined as
this can be sated a; unity, and 17 has the units of amperes per meter.

Just as the electric permittivity @ of an isotropic
-dv (21) medium retaes the flux density to field intensity

in equation (15) the magnetic permeability of a
inedium is defined as

Applying the divergence theorem to the flux terni

f(.qi)dr (22)
The similarity between equations (12) and (26)

Combiling equations (21) and (22) the continuity can be seen by substituting (27) into (26). Thus,
of chwrge flow density can be written

S( W -(28)
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Applying Stoke'i's theorem to 7i of equation (2S) sented in the acalar form by cont~inuity of charge
the differential form is obtained equation (19) whichl takes the Poisson 1form

or Af rwhere gradient *. is defhined by equatioa (5).
From equation (4) the potential d#. at a point r

I(x)(6) 29 fronm ihle point charge dQ is

The right-hand memnber of equation (29) refers wr (6
to the total rate of change of the electric flux dQ
density through the opent area (13; therefore, from Combiining equations (315) and (36) withq=d
equation (24) and the discussion which follows
equation (29) becomes 4.0,= f -dr (37)

A (VX + (T, where #, is the potential caused by charge density
dlistribution q, or in general by the distribution

By substituting equation (20) into (:30) and N'., within the volume 7. Combining equations
omitting the subscript, a more common fcrmn is (:34) and (37)
obtained, thus4;i 

- f r fd , f P " ( 8
VN +OF(31) s =-(8

Taking the curl of the right-hand term
Equation (:-1) is known as the differential formn
of Ampere's law with NMaxwrll's displacement VX~miv[) x+v()dd [)
current included.[G Cj 0L

The continuity eqtjation for magnetic pole
density is arrived at in s-%me manner as the Here the curl is with respect to ()only, since
continuity equation for electric charge density; nihr orddpndn ecoriatsote
except, mnagnete poles are assumed to occur only point of observation where 'a is evaluated. Thus
in pairs of north and south regardless of how
small a volume considered. With no not magnetic "X
pole density present, i.e., no excess of tither nortinV:-b-ý r(9
or south poles, the continuity equation is simply
stated as is 'he genralized form of the Siot-S.ayart law.

V-=0(32) B. Transport Processe

Magnetic flux donsitica caused by~ steady electric Maxwell's equations (eqs. 14, 19. 31. and 32)
currents nia % be calculated from the Riot-Mavairt are relations for reversible ptocern while Ohm's
law whicii can be derived from Amipere's law l6w (eq. 8) im a relation for an irrerverlible proem.
nasng Green's solution to Poisson's equation By In generil all transport pracese occur irfriees-
defining a vector potential 7 such that i 61Y with a resultan t eftesY chang of the $,-Mom.

The rats at ;wbik all irreersible pmeaois ar*
JF=vX I and rl~o (33) occurtring ins a ipr system is equal to th. rate of

entropy' production in that system1 as beod on the
Then fmin equation (3I1) assumning no displace- fundeaentail laws 3f oacrosoo*i pbysic' the law
niont currents of consairration of mass and energ, the momoneaun

law and the seond law of theraolynaaaics.
(V XVXvT) - - V.1. 0) (34) Pro. R Fisschi (1954) pr~eme, the devebopmenet

of the theory of imrreeble processe and doralots
where the vector prtential .4 satisfies Poisison's recipM4ca relatons employing th, is ierefrTi
equation This equation ha.i already been p~e- cms or ggslranoalsistc &ad themnUM~sgnei,
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phenomena. Before discussing specific transport gradient of the density of component i .r, more
processes, which are pertinent to this report, generally, the gradlient of the potential of com-
a brief introducion to the general theory of ponent i. In practice the phenomeiological
irreversible processes will bt made as to thie pos- coefficient L, is often called the conductivit. of
sible effect of a magnetic field, the 'nediuln for transporting property i. Sub-

Fieschi (1954) has prese;ited the rate of entropy stituting these definitions equation (40) becomes
production equal to th, sum of the products of
quantities J, called "fluxes" (e.g., heat flow, p,(v,-)=L,v,, (42)
hiffusion flow, electric current) and corresponding where #, is the potential of ComDonent i.

quantities X, called "forcos" or "affinities" (e.g., Fok a variable component i density a.,d an in-
temperature gradient, gradient of chenical .,otc,- com-pressible fluid of mm density p the equation
tial, electric field intensity). In the most general of continuity of it
case, every flux is caused by the contribution of all o (23) is

the forces present, for irstance, heat flow can be
caused not only by a temperature gradient but -(),•) ' (43)
also by an electric current in a magnetic field.
The coefficients which establish the relationship v(p•) or V;i=0 (44)
between a given type flux J, and another type
force X, which produces that flux is called a Taking the d Ivegence of equation (42) allows us
"phenomenological coefficient" Ls,. Onsager ea. to consider a changing p. containrd within a
tablished that L,, was equal to La, for scalar differential volume, t-ls
procemes and deGroot and Mlazu, extended
Ons.ger's theory to include vectorial and tensorial V (p,•,)-v..i= -L,V', (45'
proceses. The nunber of independent Fhenom-
enological coefficients for a process is greatly By equation (44)
reduced as a result of these recip ocal relations.
The end result of thea relations is derived by '(pi)"DV.+j-Ds'4 .VD, (46)
Fieschi (1954) for suimutaneous heat transfer and C'ombinng equations (431, (45), and (46) the
oelectric tviduction in isotropic meal whe a transport equation which is applicable to both
n etic field is present. In this ese only nin the atesav and unsteady stMate of P. is found
Ldepefident pbserjonemAtigical oefiients remain
out of s popible 564. Section IVC and IVD (4-,)
estimates errora caused by these coeffivin1t not + (47)
being m . since in t&, equation of motin (0m3)

gal-atim~ti a" t .~ hermosr, fet r cnvthe gcond te Foe shewport aerouriag fo
not taken min iacouan. tnelemiYO 4ausport wh For truseport atci so

hen a specified type of flux I is caused by the thc .ett d nU5m whog b tri- velocity
"Mtye o37W ,"or Wfinity :,. aroious wl knowr 1i the 1-,b& operstor i emP!rd Which is
transport ia-s may be anivl &t inumiin the defined as

following () la holds:

E4' quation Wi) the. betiomes
Thi equation olds ia genewsi for the trwawprt
of one, qYe propery ar o"inPOsW0 in as isotrpi (49,
nesdmin The Atu I, fts be d4.ed as the
diuion dow dcusity -4 a conpoenet I with T"i above d."Tat"A hl tru wv!O 0,t a
VIM t-% the C ter n( gravity r *, LW caLM * r tttuita; h•wever. in speca CS

given by he quati1 a sumilar form is artired at for the tf5mMPOK at
j T-ew p,-ol;41& OU, an nimnmtum sMid me-

n#c.c nhsz. Tabi. I mmwn~aaia,. the nwuit *f
wh"p, is its deuiqtv. i, is its velocity anM ; is appying .quatiw:- i49l to. ~abe :Z of Aeluiic

the b•snt--. W vejocity. The affIny Ma be th '-hue. twit. mess .W irnýicte an anal

lI I



TAULS I

Transport Iwocvmft applied tu equation 49)--

PrnpcrtY or com,.oien- Kdetgntial rawinc the Phenor-enolorocal coefficint Name Ci law
trnpotd ' * traflq)1Ortt*. cyr condutivtity, L,

Kfctr hag dnitV lcti poetil o. DIectralconductivity, v Ohm
H leat densityO.T ,(T Benirtr.rTema odciiy iot-Fouiaer

%W-4 d~nstYO cOMPO. O tat fcmo a rne ifsvtFc
nent A.4 a. nent .I., *A'mim.yI

M.omentum deniity. pý Velocityr a' 1otute viscosity, 4W Na, icr
Magnetic flux denrsata. IT M3(ci lI i: i~ l i~ica efatl Mi tv. Y MaIwtU4h.OtU am @qua-

farm for the transport of ntomenturn and mag- liud ea
net flux (0) U9

C. Sinuhaneoa Traneport of More Than On. (jdielectric flud'~

Alie reta oepoetyUi transported in 10 - 5
relative magnitudes may be obtained by ronwidr n~s . exednl high voltage gradients
ing the ite..Wms i Table I"they apply to r $~utrdi lqui metal sysemn the
equation (49,. With the exception of charge aelectrir charge densitv can be nelected and the
transport like pairs of properties and potentials npestayttefroOh'lw(quin
can easily be converted to the samet units. The 8riwl42) cant.be tatpled Fom or thme lame reriatio

multng oe~ent s rW te dff uiriy wich Max"I'~s displacement current in equation (31)
is the ratio of coaductirity to capacity for that beiletdadtetalcrntane
Patcua pr Difuluaties of vrij~ous materi- ca enelce an th oa cuut jut masb

As for transporting beat. mans. momeatuwn. and coade to flow na cle circuite jus
nmagnetic flux density are given in T*Ue 2 in tuIn fl ut thettor ploored circui.t&n eas
v~rl(MICS). Relative emof transport of one Ih h mn -11bu the moe ooly erduina tnoatals.

property eom'iared to another may be found by- th ktoxecnrbto oteteml-dc
simle iviion Ths, immgioles nuibe,. trnity completely ovewubtdrns the effect of lattice
simpe dvviiln Thc dieasonlrti nubom ribestions, so that the whole of the beat trans-

etch as the Ptendtl wnuber and .Amiai nunaher. ported man be regande as being carried by the
PL.9 definetl in thi manr ie'lectrns i a metal. therefurv. the **mge daim

Ldatrng charge treansport out ot these t papn- ofcrirtaaot be& and electric charge.
Was was noecwr ba-sU8* of the mwanne in which The Wiederm..n-Fmase law xprvw tho come-.
the potential wv& originally duiAwtl. A r" unt$a of prprioal betee the thermal
ssgiefc&ant equaOtio can be found,~vvw by -,odu.br vity k sand the elecrical conductivity v.
applying equation M3) to (49), thus it

kr ~'vl.
~ (50) Jra, k )n 2 xix (52)

where
A, pwmnm IW ae we liquid ea* s and non- C~taa *e osant
Polar dijeretri amiiM for the low*s @&Mrtr Vchare e chargea the elemtofi
4.iumty give* drast.'afy -IiEm~t thnharrint ratwm
Awawmng that the eleetir prnaiutivity for both aes of this L6cMat rnumber to has beau mde& by
roateiSWlb tek N speorwiimataly U to.wri t~he tollo- M~er end Epstain 4Jaekmn. IOUS. p 36. in
ing rembs aret obtaiftd "ansyaa conlistin expurima~wt ialdh" for the
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Transport diffusivities of selecteJ fluids*

T l)iffusivity, meters,
see

Fluid Tempera- Mass, D. Magnetic Flux,**** l12at, X Momentum,
ture. -C i I

Acetone 0 .4(1) 1. 13 (-7) 88 (-7)
15 -1.4 (11) 1.09 (-7) 4.22 (--7)
30 o -1. 4t(1) h.02 (-7)*03 3.80 (-7)

Air (at one atmosphere 0 I 1.32 (-7)** 1.83 (-5) 1.33 (-5)
pressure). 40 2.63 (-7) > 1. 0 (20) 2.32 (-5) 1.69 (-5)

100 2. 12 (-7) 3.16 (-5) 2.31 (-5)
200 3.03(-7) 4.86(-5)*"u 3.46 (-5)

Mercury 0 -. 3 7. 48 (-1) 4.38 (-6)*** 1 24 (-7)
I90 2.20 (-9) 8 20 (-1) 5.21 (-6) 9. 15 (-8)
200 2.91 (-9)*0* 9.07 (-1) 6.00 (-6) &,01 (-8)
300 3.51 (-9)*** . 02 6.79 (-6) 7.38(-8)

Potassum 100 2.23 (-1) 7. 15 (-5)** 5. 31 (-7)
200 1.73 (-1) 7. 18 (-5) 3 76 (--7)
300 2.24 (-1) 7.11 (-5) 2.95 (-7)
400 2. 75 (- 1)' 7.00 (-5) 2.80 (-7)

Sodium 100 4. 13 (-9) 7. 15 (-2)*** 7. S (-5)*** 7.61 (-7)
200 & 20 (-9) 1.08 (1-) 6.73 (-5) 4. 98 (-7)
300 1.30 (-8)*** 1.39(-) 6.60 (-5) 3.91 (-7)
400 2. 78 (-8)*** 1.75(-1) 6.48 (-5) 3.31 (-7)

NaK 77 (77.2 wt. % ,50 2.94 (- 1)*** 2.38 (-5)** 6. 52 (-7)*
potassium and 22.8 100 3. 12 (- 1)000 2. P*, (-,)*** & 65 (-7)
wt. 1/; sodium). 150 3.31 t--1) 3. 08 (-5) 4. 59 (-7)

200 3.53 (-1) 3. 29 (-3) 3.89 (-7)
250 3.79 (-1) 3,8 (-S) & 44 -7)
300 4.08 (-1) & 6 -S) 3. 0(-7)
350 4.37(-1) 3& 74 2. 82
400 4.68 (-) 3. 83 (-5) 2. 65

Wer0 1.45 (-9) 6. 68 (11) 2.32 (-7) 1.7 -61.33(11) 1.38(-7) 1.31 -0)

301 39 1-9) 1. 12(11) 1.4 ) &O
100 1.34 (-8)* 1. 03 (10)*00 1.68 (-7) 2.96

:See Appendix D for physical data.
*Notation means (n) --X (10),, e.g., 1.32 .- 7)) -1.32 X 10-.

:::Extrapolated.
*Assuruing p -,i.-4 r (-7).

electrical conductivity of sodium-potaaaium alloys. For relasively small disturbanes the outward
According to Bosworth (1952) only the transition transport, i.'Vp,, and the opposing affnity, LV .
metals and biunuth yield Lorentz nuz,,beia may b) approx'inated 6y
significpntly different than the theoretical value.

Additional dimensionless numbers Inay be found P. Vo, Proportional to Vs (54)
from the general transport equation by considering d

pertinent induced forces under steady state con-
ditions. Under this condition equation (47) LsVN, proportional to L, -' (56)
becomeq

.v~'pLgV'•, (53) as far as order of tuagniLuZ'44 ma concerned,
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where d is a characteristic dimension of the Rayleigh (1916) originally established this criteric
system. When momentum is transported, the of thermal instability. An exact solution to this
outward transport is generally called an inertia convection problem is given by Reid and Harris
force, fi, assumed to be opposed only by a viscous (1958) which predicts that the critical value of the
force (no static preasure gradient). Where a Rayleigh number for onset of convection is
static pressure gradient or other forces exist the 1707.',62. When the operating conditions of size
ratio of inertia wrce to viscous force is defined as and temperature edifferenccare factored out of the
being proportional to the Reynolds number which Rayleigh number, the remaining terms are col-
takes the following form lectively called a convective modulus. Table :1

g yes values of this convective modulus for various
V (PAV) fluids at different terr-peraturea smuming the

fIr.V(Pr) d _V. =- , (.56) gravity to have a value of 9.806 meter,/second".
XpV - prop. -- - Another interesting thermal convection parame-

ter may be arrived at by considering the ratio

For the transport of heat, which is a scalar quan- squared of inertia force to the viscous ft.rce. As

tity. equation (53) completely describes the TADVL 3
general steady state case, so that equations (54)
and (55) are always equal, thus Convective moduli of selceted faids.

F. V(pC, T)=kV•T
Coevmemv*pro KT Fluid Tempera- Modulus-

ptuzsC ,.e, 1
• metene 1C

or prop Aceto 0 2.34(11)*

propd is & 02(111
310 & 8a(I )•e

This convective velocit• V, produces a frictional Air tat o. atmoe- 0 I. 47(s)
force ,, given by pier pmeur) 40 & 60(7)

.f,,.wV'r prop. or,_d__. (_58) .. i 0
Mercury 0 & )S100 & ?169)

According to Archlnnedie' law the gravitational 200 & M (
force or buoyancy force acting on the dlement of 300 3 &4•9)
fluid volume at temperature T it P m too 7. &77 )..

2W . 10•8)
7) 9) 300 1. 44:8

where "00 I.?4)
Sodium to0 .t2k7)**s-6 2W0 T. 4307

ao--- orthbeoegfI•ri0 ofvolu mt rico•epanon O 3.0t3
____________ 400 LW S(8

m1at• temperature XK 77 (7.2 ont % 830 I. 7Il
m a 00 1. 72ýS'eWhen T>T. the fluid elm.ent will have a net % IO i 2 -

buoyant fore. actir.1 upward which is opposite to 3W0 & 24's

gravity. For free convection heat transfer be- 0 &a1($)
tween two itifni't horizontal plates the only forte 64 E

producing the convective velocity V, is assumed -)

to be the buoyancy forcevf and the mean velocity o 0 -I s(o)
V. is Rev. The measure of the instability of suc*h -:4114)
a layer o .f fili , v ho the rio of , to J,f u•us 0 I eWO
applying equation (57) to (58) 100 1. I 1 t

p.pprop pr-Re (OD)
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before, the convective ve!ocity 1', is assumed to Combining equations (63) and (64)

be produced only by the buoyancy frce.f For -

the simplest boundary conditions of V,=d=t=O .H=Nh(E+v×li)+1XB (65)

under a constant aceleration, gaAT, the following This force is in equilibrium with a damping force

is found V*C=2(gatAT)r4  (61 which is assumed proportional to the conducting

electron's relative velocity, thus

Substituting the shove; to the square of equation
t56) the Grashof nunmber is obtained a.,,"f g Nn, (.- -v)ao

or

rft Y..re 7,> o Fprop. rp. LT Gr 1-.7 o (N.QOKq-XB)+JrBj (66)

(62) The conduction current density is found to be

Aceordirng to Jacok (1949, p. 471), (Groeber was the V-Q -

first to call this quantity the Grashof number. MA,( t E• )

Thus, the Grashof number may be interpreted as (67)

proportionsa to the square of the Reynolds

number for a convective stream or cell with a However, by definition, the cross product JXB
characteristic dimension d. cannot have a component in the direction of J;

thus, equation ('7) reduces to
Section 3. " ( + x )(s)

Sj=q(E+ixB) (88)

DEFINITION OF TilE PROBLEM where, as in equation (9),

A. Electromagnetic Buoyanc) Force O NQ.t

Charge conduction in metals is known to be MA.

carried by a continuous cloud of relatively freevalence electrons. Bs alsumimin' a simple d~amping In general, motion in a magnetic field will cause
v c Bbo~h the electric current and electric field intensity

force for electron flow, am was done in deriving
equation (M, and aounting for mimotion of tme to vary as predicted bi equations (14), (31), and
eonducting material s more general conduction (32).

equation may be derived. The tgnal frce, often In pararaph 2 of part IIC we saw that the net
electric charge density can be neglected in metal

called the Lorentz force, on thtes electrons per

unit volume of spat,, is given as a sum of a sy.,ents where exceedingly high voltage gradients

(Coulomb' force (equation 1) and a Atikp are not encountered. Then, the electromagnetic
ou utioe (eqthuation I nd ' body force -f equation (63) reduce tofrnme (equition 3), thus

~~QW) I. ) (3j.x
1  (69)

where This body force sats on the i.ims of the conductor

.',-nimber of conducting electrons per unit ard does not affect the distribution of the current

volume density within the conductor (Campbell. 1923.

(I, electric charle per electron p. it, and Fimch,. 1057. Chapter i1i) even where
the Hlli eJeTt 6 found.

To account for the mntion of tOer mtinmrlianl In the free convection experiment of this report,
mediu.n. equation ('41) is uIed to give the electron an impressed electronagetic body force. J"#.)<,

#ratnspon throagh this conductor material, thus will be made to ast in the plane of the gravitationl I

body force, pi. A small maom of fluid will expen-

J'• X\'.Qt.~i•- ence a buoyaney force 6Jwhen its tentpersture T

or is greater than the mean value T. by of: thus.

+;(64) =8 +(3Xh()
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which is Archimedes' buoyancy force plus an /lgc, is
electromagnetic buoyancy force. The only tem-
perature dependent terms in equation (70) are _*.ae(jo,.XB) (73)
the mas density to and the electric current density g9 avag,

J. Applying equations (59) and (68) to (70) the Figure 3 gives the practical range of "gravities"
total buoyant force be.omes or g*/g, for various liquid metals and Ap!mendix

C, Part I, gives the sample calculations used in
• "LET \)arriving at the various lines.

or PO B. Magnetic Field Changes Induced by Motion of

orthe Conductio Fluid
•=.• .. ,x TJ (71)

In Section 2.B. the solution for the case of

where magnetic flux diffusion in a moving liquid was
or the coefficient of thermal expansion indicated but not proven. A general equation

S o o n efor this case is derived here in the manner indi-

cated by Cowling (1957, p. 4). The question as

o ature coefficient for electric to whether the magnetic field lines are changed
C,4 -- • or temper by thermal convection motion is of great impor-

conductivity change tance to this report, because the constancy of the

Both coefficients are defined so that positive val- electromagnetic body force is directly affected.

ues are reported for practicady all metals. The Maxwell'% equations are rewritten below for the

equiva!ent gravitational field 1' created by the case of negligible'displacement currents:

electromagnetic buoyancy force may be defined - •(14)
by the reiation VXE(14

•---Aj-a•(72;)
ax~f. j,A .1, 0 (31a)

Equating the net buoyant force in equ%tions (71)
and (72), the number of equivalent "gravities", V. 1- (32)

200
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Combining (14) witlh Ohmi's general law of its dimension or a rotational .vmponen' would
conduction (68) effect D.

The last term of equation (77) gives the rate
vxQ xT~)at which the magnetic field diffuses through tho

at -X i'b)fluid. For a dielectric material (0-10O) Lh-mrq is

aff negligible resistance to diffusion on a laboratory

Ttýx(B)--- (74) scale.
U ~The relaLive importance of the constrain.ing

l'roni (31aa) &,..I letting vi=,oj. - termi to the difl usional term is brought out in the
magnetic Reynolds number,

OBVX(jXBg)_ V(VXB) dV ].,

-jr- DF- - 51 [V T-V VBI Thus for the proposed thermal convection experi-
(75) mont

From v-ector calculus, assianning incompressible 3
flow, and equation (32) dj- 25 cut, rd.0-. cm/eec, imamff

v. ~=Fv ~+R. ~=N-v;=3.2(1(P)m', w

Snbeitutng his nto 75)On this basis the constraining effect appears neg-

~i~btituing his nto 75)ligible compared to the diffusioned effect, i.,the

- flux lines slip or diffuse easily through the moving

-- ~~lB~iV~lt' ~ (76) mm. This is sufficient indication to Say LiLaL LhvAppyig heutobloprF-it .'75 (76)h imdeped osed magnetic field would not be distorted by
Applingthemoble oergor k ,whic isdefned thermal convection currents.

by equation (48). the following general transport C. El etmatutinc Body Force Changes Isduced
e"'uation is obtained: It Motion oj Conducting F"Wi~dsi am Magt

DR Field
(7) Motion of a conducting liquid in a tuagaetic

field will produce an electric field according to
The tern, r-r implies that the field charges -ut equation (ES). ('handreaakhar (19M4) has p.'e-

ti. Saint A6 if the magnetic lines Of force br" "nf- dwe tha thermal convection sets in as longi-
strained to more with the material whcn s- m . tudinal rolls when the magnt" field has a
For the ideal liquid (a- e), L-utquaAt (19SI) ml,- horirontal coamponent and the heat transamison oc-
grated this equatior by considering any finite de- curs beturt two uifinsto horizontal planes. These
placement k and ot~tsaae rolls are bngiwdinal with respect to the manetic

field, i-#.. the axis of rotation is mutually per-
S penidicular to both the manetic and gravitationai

When D; is initially a uniform field in the:z dimvi- fileds, Muotion of this type unducas the least

tion the equation beconies reartion uith the magnetk- field, thereby produc-
ing lea induced dreg. Motion along due rollo..

axis of ro atois great) inhibited, Since mnagnetis

tire dnvaing force acts only in Owi direction o,

Thus tnlv Motion which is position inleperudent gravity. Under the conditions of due planned ex-
wil ailj to :hmpg )). Consmidering the motion periment, motion -nay therefore be massumed to

of aS, element of muma W.d a chavre in either accur only in the grevity-nagnetic field plane, and



no velocity component will exist in the direction tion while the horizontal compo~nent had no effect
of thie impremied current used for the electro- on thermial stability. Since the conclusions of
manspetic body force. When turbulence is en- different investigators have not. been it) complete
countered, siiaall O.lzctuation velocities would hr in agreement, one phase of the planned ex~perimental
A~ll directions; however, manjor inotions, would still programn will determ'ine the effict which the hori-
he constrained. In the case of water, Schin*,dt and zontal magnetic field has on thermal convection.
Saunders (19. ') found a sharp transition front The transverse electric field T, in equation (81)
cellular to turoulent motion at a Ra=45,OOO. will coincide with total electric field, since the

'Whennict*,on is confinedl to the gravity-mnagnetic total eleetfim' fipld inust be transverie to the
field plane, induced electric fields resulting in this gravity-miagneptir' field plane. Direct evaluation
motion must always lie along the axis perpenilic- of R, is difficult, since it depends on viae electric
ular to tl ;s plane by equation (68). .ince the field created by mnotion transverse to th'n magnetic
electric field applied to create the electromagnetic field and on the impressed electric field. How-
body force is along this same axis, the resultant ever, in the experiniental phase which determines
electric field E in equation (68) inust always be the effect A the horizontal magnetic field, the
parallel to this axis. Thtus, for the convective electric field induced by motion must already be
mjotion expected, the net elet-tromnagnetic body included in the final correlating equation. Thus,
force wrill always act along the gravity axis, but bly impressing an electric field, a uniform electro-
will not be of a constant magnitude. Variance of magnetic body force will result which is in addition
this body force will depend only on the vertical to that induced by the inotion-mnagnetic field
conmponent of velocity at any gi'.en point, effect.

By combining equations ý6II) and (69) the net
electronmagnetic body force is found to depend on D. Equations Used in Correlating Data
the conmponenats of the electric field and velocity
which are transverse to the impremsed timagnetie Before stating the final integrate equations

field thuswhich arm applioeable to our experiment, the
field thusgeneral differential equation of motion will be

written. Actual~ly, all parts of the equation of
j,.iv(E-XMX<(e s,-~ il motion have already been diaeumad in the pre-

I~hr, h. er cotaiin jas he ndctin dag ceding text, but they hare not been added to
Mwehic ater asc tonting r, isothe tenduciondrg fo r a more general equation. The time rawe of
whc mot&as aes then magneosty.c flendines to cange of momentum DMR)ID1 i asumed to be
destroy oinars h mgei lxlns in equilibrium wit a viscous force. owv' (Tabil

('handalmkbar's (19U). 1954) final criterion for 1 airslwadnmcfreo ttcpesf
thermal stability in a magnetic field was the gr adients laP, a dp amicy force or statn pressure

Rayleigh number and the square of the H~inman gradwn~ti Vpv aX' (equatior nd an thuset
number M1 which is ptowniortikal tc the ratio of -ant lt5,A euto 8.tu
miagnetic "viscous" dr-. or. to the ordinary`X (3
viscous force of equationi (5M). thus D ~ +P JXS ()

fir; rop- A" .%Is 82 As discussed previouasly the electric --urent
Pr density in equation (8~3) is the sum of the impresoed

ciarroat J'.. and an iWducd curret ,.causod bir
Actually ('hanr~skhar~s manei" Perimeter ~notion in the magnetic field. Because of an
included only the vertical conipot nt 0( A ad imposed rutica temperature gradient, variatin
cotnsidered the horizontal cvomponvnt separately. inmmdniyadip-sdcrotdniyw
Whent no vetica cOmPOfent Of R Pment* occur, As Rayleigh (1916) has show- for mass
Obanirooavkhar's solutioi is no l0"CiT Applicable- deinsity, those. variatios need be coutiedered omly
However. Cowling (1357. pp. 67-72) arrives at the as they niodiy gravity, thus applying equation
sme. Hertiman number criterion for the borisonta) 73
&d rem.or, ny 8 in equation 112) as the bo7;otal
can polieft. Lehmiert wan Uti.d (195) expeei-
mentally found that the vertical component of pi p(I - 0 -T -~-A7)

magnetic flux would inhiibit the on~ of contec- (84)

172



The induced electric current density may be a stei, dy electric current. Since an electric current
eliminated by use of eq'jation (31a), thus from will he impressed on the test cell (Figure 1), a

vector calculus solenoidal magnetic field will be produced which
will interact with any impressed magnetic field.

j,.XB--i F. -.Aij i ar)l (,5) Figure 4 gives the geometry used in evaluating
A 2  J equation (39), where the elementary vollme

dr =ddydz incloses the point .q(x,y,z). At point
From Table I the Biot-Fourier equation for heat P(z,,Yz) the magnetic field B is induced by the

transfer is written electric current density j located at point Q(.e, y, z).

DT=.kT The axes are chosen such that all the current
T (86) flows along the positive z direction. Since the

current flows in a closed path along the conduc-

Equations (32), (77), '83-86) are equations of the tors outside the cell and in the same direction

problemn which (handrasekhar (1952, 1954) used inside the cell, integration is taken along an infinite

to develop his theory, except the last term in line parallel to the z axis a.d passing through

equation (84) was not present. point Q. Let

Nakagawa (1960) has extended Chandrasekhar's X-z-z,
theoretical work to yield a usable heat transfer
equation. In the region of marginal stability
Nakagawa found that 7=z-z,

(88)

Nu= I +k' Ra(a. (87) then 
(8

r'-a'+ 7

where k' and critical Rayleigh number Ra, are
completely known functions of the vertical IXj =ja

Hartman number squared, .JP. The honizontal dX=drdi'=dydZ=dz
magnetic field caw will then be assumed to be of
the same form; except that V and Ra, will be Substituting the 5th and 6th expressions of equa-
experimentally determined functions of the hori- tion (9s) into the general Biot-Savart law and

zontal Hartman number squared. integrating with respect to
When no electric current is impremed on the

test ell, as in Chandrasekhar's and Naklagawa'sa
work, the net electric current flouing acron the B=ffi j ddzdy

entire teat cell is zero, since the net mass flow rate
is zero. The net resalt is only an increase in drag an I-f
or a magnetic viscosity effect, which can be

evaluated b, the method in the prec.-ding pare- 8 U~ d 89
graph. An impre•vd electric current can then be 2J aakg)

used to create the uniform buoyancy focre given
by equations (7G) and (94). The addition of J*. The factorj is not a function of position for the

,.irn by eqjstion (73). to the ground level following rumsona: (1) according to King (1945.
gravity j, equals the net equivalent grvity I p. :33) the current density is constant throughout

which can be applied to a dimensionlress convection the conductor when the electric field's frequenty
parameter such as the Rayleig4 number- of oscilblion is low, and (21, according to Campbell

(1929. p. 131 and Fiwrhi (l104, Chapter III) the
Section 4. ,agnetic field has no effect on the electric current

ANALYSIS CF POKSIBI.E ERRORS distribution WMen a verticsi temprature gradi-
ent is imposed on the test cell. a masl current

A. Maguerti Field Inwited by an IMpf*~d ylvric denty variation will occur, since the lectrical
Cnit conructaity is tmperature dependent. Based

lFquatbon (3p• Ivivm the peramhied form of the on physical property data in Jackson (19.5. p. 35)

ltiot.Sa'-a* law for the magnetic field induced hr for N-K 77 Ibtween 15o annd 200 C a % varia-
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tion in j will be caused by a AT= (0.01)v avg. Thus, the variation in j will not exceed 1% until
(\ /)=( o0 T, (4530)('9"=7.680 C. As i the temperature gradient excee@ds 344 times the

bar 0 3. 82 Asuming a normal critical temperature for the onset of con-
convective modulus of 1.72XI08 (given in Table iection.
III for NaK 77" at 100* C) and a depth of :30 Proceeding with the integration in the t-y plane
inches for the test ccll the critical temperature the components B, and B, may be found. By
difference AT, for the onset of convection is similar triangles

.Ra,= 1708= 1.72(108)dA&T,
-dBy= -'-' dB and dB,=X-k I dB

1708 002230C a a
1.72(108) (445.) (10 _) - 0.02230C (9 0)

P ( YI , ,21 )

r

"I 
I

i 
diS I 

I
I 

.I
I 

I /I I•

I I /

//F 
_-- ._J

P174las 4. Goonav wd ia mIlAt4 ie e&YuK Law.
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Combining with equation (89) and aszigninx the LerU, w trod__d______+_--_

limits of z as -I to +!j.nd y 3 -_ to +d tile In / ' i 'd"(

following is obtained 1. 1
- y i +I i (z -x,)dzdz Appendix C-11 gives the sample calculations
"2v- f f_,i, az for evaluating equations (93) and (94) by using

the teat cell's planned configuration and maximum

+4 + current densities. Table 4 summarizes these
Sas %2) . ,results when the total current is 200 amperes_ arand w=d=3.0 inches. The maximum magnetic

1 2

Integrating flux will occur at the outer ry- perimeter of the
cell and hill decreas to zero along the (o, o, s,)

BY= cell center line. If the impresved magnetic field
2v (2 is varied beLwftn 900 and 8,000 gaUme, the

2- impressed electric current will affect the resultant•rmagnetic field by no more than 1%. Much
lesm error can be introduced by proper mutual

+cot", 2 / 2- j adjustment of the impressed magnetic field ad
d-+.[, 2 electric current.

Without an impressed electric current, themil
-' l--.-- I~dP-' ~convective motion in the magnetic field produces

Y.+-ao- an induction drag B., according to equation
(81). This mag~netic "viewsity" effect disipates,

its energy through induced current or joule typo
2 __ heating which can be taken into aciounn! by

dapplication of equation (87). A roaximu eat--i. +4+ .] mate o/thIis efect in gien of. follows:
0-'-41,6(10") ohmn metor, ftr NaK 77 at

I,,) C (Jackson. IM,, p. 35)-
j+. (9) t....0. welm*"tmet.r'-.8 volt sec/mwetr

4 2 7 __\T-im __7i r.).*. - 1.0 cmine

2 -y ]E , - - j ~ . - S . a t / n (9 5 )

2w 2 ["o 2_rWbh an electric current a unprese~d to

p{(duc t,)[ eetoani body o,. joule
DV ~ .. beat is producvd. It the imprwesed electric

current deoaity is emsstiaily constat m& disce
in peragrnul• 3 at section WA. Ohe the jtwleheit viit bw constant sw will be equal to+ r ot -,-2 A -ma m u m e s tim a te o f t " e l ec t[2+,1 -. s isli- fdr:

+s (4ve 2)folo

)a 2 +, (-I hu. the mpred current joule hraturl ehet-
-")'+I+V, 4 2, o o approximately the own# order of hest gtemrs-S2ion " the .wtrtik drug efect; howeret, the

I."5



former does not directly inlih-it convective motion. ent of 0.292*C/ni required for the onset of normal
The rate of adiaalic temperature rise in the test convection in the test cell. The ,effect of the joule
cell caused hy the impressed electric eurremit heating temperature gradient. will be to increase
would he the upper half of the test cell's temperature gradi-

ent ax.d to decrease the lower half by an equal
OT - iO')C/.•et'22../hr (97) amount. The resultant redistributed tempera-

Pt 1.37 ture gradient will however, have the same average
IABLA 4.- lagnetiC fluz densit ies induced by the impressed value as if no joule heating were present. Part of

electric eurrent within the tes! cell the planned experimental tests will be to determine
lthe quantitative effect, if any. which the joule

I: - l -,, B B'00 heating temperature gradient has on free convec-III w 04W _V & gausses tion heat transfer when no impressed magnetic
-I field is present.

w/a 0 0 1275 0.275 9.06... . .. d12O- . 8 . 181 0 255 4
0 d.d2 -0 .1 27 0 81275 9 C. Galvanomagnetic Effects

w d12 -0. 1111 -0. 181 0.255 i 40
---. ,2".w2 0 0 8 0.275 0.275 9.03 1. A transverse galvanonmagnetic potential dif-

o/2 -d,2 -0. 181 ). 181 0.255 & 40 ference--Hall effect.0 - d,'2 - il 27,5 0 0. 275 9. 06
wr2 -dd/2 0. 181 U. 181 0. 255 & 40 The Hall effect is described on page 8 of Camp-
o 0 0 0 o o bell (19t:) as "The total transverse electromotive
0 d/4 -0.129 0 0.129 4.25

force a#,x set up by the imagnetic field fl, in a
isw-d, where w-width oftest cell and d-depth of test plate P, aa -.own (Figure 5a), carrying an electric

cell.
69v 3.0 inche., and ji'z-200 amiperes. current. density fis as follows:"

where for NaK 77 at 150* C AE
E f 6 =R(Rfx×) (99)

i.=01, 35 gm/cOt (Jackson, 1955. p. 34) where b-=plate width

(>=0.29208 ettligumC (Jackson. 1955, p 37 R=Hall coefficient (theoretically negative)

P( >r(0.8I33)(14) (01N'04) 14. 184) =

,1plate thickness
Since the upper antd lower walls of the test cell are Oaingle which the equipotential lines
iimade to randezct heat, the rate of temperature riw rotate at .-Ah in Figure 4a

% ill not remain very long after the inainreed cur-
rn'tt is alloweti ti flow. The liuoxinium tempers- when 77-0 a4Aw-0
tore gradient causetl h\ this effect will occur at the
horizontal wall boundaries in the NaKT7. thus when 77 i, finite
WI' ! - l.'( iIruh e of test cell)- 491(0.444")(10-') (R(1 X

0.218 watts, .-. Rbtp -- - (IIu)

N T". 0 21 O 4 It is intermting to note on pop 13 Campbell
(1923) "While in the Hall effect the equipotwntial
linm are rotated by a magntic field, the line of

-- ares over which the hbst is rihucitel- primnaty current am not rotated...." Hall
2(.0 t', v 16010-I)P. verbally tels ('Catpbell why this sbou,.I be true

j •-0.123% *at *C'. foe %&K 77 at ISON(' through the anloy of the independenm eof a tubeI ll. s Jal'ktj . 15.fSr p a t flow velocity on the tranevere premur gradient
i. .ause hy gravity. Thereforo, if tie Hall coeffi-

.- 0.217 Watt M.(' nieat weeo ither positive, negative, or zero fur

the sytem under study, ter would be no elect

This crnmipasm sith the ctitral tmiprfaturt giadi- on the current dep•ly ddirtributton.

a17



Tire angle of rotation 0 of the cquipotential which is quite negligible.
lines may be obtained from Figure Atf and equation 3. A longitudinal galvanomagnetic potential dir-
(99), thus ference-M-agneto-resistance effect.

tall (.)HJ=(-1 )ll¢ (101) This source of possible error can be neglected ac-
E cording to the discussion on page 194 of Campbell

(1923).

The Hall coefficient % is found to be -0.0025 "Drude and Nernst, 1891, observed that the rc-

e.m.u. for solid sodium by Ettingshausen and sistance of mercury in a field of 8000 gauss in-

Nernst (Campbell, 1923, p. 124). This compares creased about 0.2 percent while that of molten

with -0.00052 e.m.u. for mnercary, the oniy liquid bismuth at 2900 C increased 0.4 percent. The

metal in Campbell, as determined by Des Coudre. same year Des Coudres called attention to the fact

The naxinmum an,.le 0 for NaK 77 is estimated that this increase might be attributed to heating

using the Hall coefficient and conductivity for of the metal by current.

sodium thus (u-),=5.8 (10-6) ohim cm=5.8 "The work of Berndt, 1907, se3mned to confirhij

(101) e.m.u. ohm cm the contention of Des Coudres. He found that
the smaller the capillary tube used, the leas the in-H.=a•=8,000 ga uss
crease in resistance. In fields of 1000 to 3000

tan 0= (2 8)(10) -'.45(110-l ) or 0--t0 - 12' gauss, the increase in resistance was not more than
5.8(1U-) 0.00005 percent for mercury, and 0.004 percent for

(102) molten bismuth."

Therefore, even if the current lines were rotated 4. A longitudinal galvanomagnetlic temperature
with the equipotential lines this effect could still difference.
be neglected. Insufficient data is available concerning chis

2. A transverse galvanomagnetic temperature effect to sas, whether it actually exists. Thus
difference-Ettingshausen Effect. according to page 210 of Campbell (1923),

The Ettingshausen effect is (lescribed on page ".o littlework has been done on the longitudinal

147 of Campbell (1923) as "The transverse change galvanomnagnetic temperature difference, that no
in temperature per utit width, !T,'b, was found to general conclusions can be drawn as to its direction
be proportional to the maunetic field 77, the current of variation with field strength.
density • of the primary electric current I, and khe "Drude, on the basis of the dual electron
width b." Thus AT, theory, showed that this e*ect is in reality a

grad T-'--POJxh (103) Peltier effect."

where P=Ettingshavsen coefficient (theoretically D. Tbermomanexic Effects
positive) Figure 5b shows the Ettingshausen effectwhen is ositve.I. Traraverse thermnomagnetic electromotivewhen P is positive. f r e N r s fe t

Zahn (Campbell. 1923, p. 152) deriv'ed a then- forcT-hNernst effect.retical ratio of the Ettingahausen coefficient to tihe The Ner~iat eflect is experienced when a iran,-
Hall coefficient, thus verse electromotive force A#" is set up by the

(HRlce ic 2.nemu volts magnetic field 17. in the plate P. carrying a heat
P- -2.SX10 - - (104) current density j•, as shown in figure Sc. This

effect follows the equation
A.ssuming that Zahn's ratio applies in this cea.
the Ettingshausen effect may be witimtted, (A&wr -( (H\) 105)

.~ Sv
amp guss whe..

b-3(2.54 = 7.63 cmI l
I/... -S00 gause Q- Newst coefficient (theoreticaly postive)

M200 ( I \o -. 5 (ampi" m, kc thermal conductivity

(A7 Wjl''(7.63)(10"4(0,3011 R: conduction hat- KAT

(9.o)(101) )2. o(10-2) .C

ITT



S3 (i duced by effect)

constant

.. weonltln #a lines

a HALL EFFECT FOR A NEGATIVE COEFFICIENT

.orm

t•o pd T I Inuced byect) ---- 1

b ETTINGSHAUSEN EFFECT FOR A POSITIVE COEFFICIENT

1 I mtl d heel fl at)

P cold

by alfect )
" giod T (imposed)

hot

c NERNST EFFECT FOR A POSITIVE COEFFICIENT
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or in a simpler fonr The Nernst effect n liquid metals is thought to
be insignificant since nickei practically loes this

(77Q 1x v'r) (106") effect at its critical temperature (700' K) and
teiluriui.'s cetfficient approaches zera at its mel!-('anapheli (192,d, p. 230; l.s tabulated; v'rous in pont accordin~g to ('aiiipbell (192:3 rt. 21' I

values of the Nernst cnelf'i-ie't (e.rn.u. units) for pnd 220).

solid metais. Maximumn vaiueg c. Q, at room 2. Transierse thinronanetic teiperture dif-

temperature and ehovr are 8.6(10-1) for nickel. I.r-•sl erse - h- 2,n! on nte ct

. tr Y!.!nc! and v.2f for bhisiiuth. 1ower rlfect
values were reported for Q in the following i•ietils: U.sing the samtc geo)iii.try " In ,ie previou'A

7.3(10-') for copper, 1 .66(0-') for steel. 1.6(10) flurc 1or the Nernat effect.
for lithium, and -4.6(00-) for silver. rT , -r7) (1 o

Ir the heat tranifer apparatus under analysis
the impressed electric field must be opposite to
E, (for Q positive) in order to have an upward where S-•=etficient ior tii, Righvi-leduc effect.
b xiy force of ojXl. The e et electric fieit &crow This transverse tettperature gradient will product
the liquid metal, v-. 9il produce a current an error given by
density j th'•, j~s•-,t:-•).i•.-'/7/•<'C, -0; (0. enr(•m -=SH(lOU) (1111

The joule lieating rate per uniti volume. i,' . S has not been de.rinnined for liquid metals; how-
* ever. Campbell (1923, p. 236) shows that the

corrOntion between ." and R of the Hall effect is
:, •-A~j- \.IT).•J (ION) excellt'nt. The two atles oft rr.cati,,n ae given by

and is smaller than the p-wer input per unit vol- a & Reif tan Mi (112)

un.', -.-3 The etro" in a wattuitter reading. For the thirteen muetals stmied, equal a•nletic
. is thus 6eld itevitift pfodutod the saint angle of rota-Stion 'or both efects. .Applying this corre.tiom.

017 rr
Iq .. I gal - ~ ~ quais (III) beormine. & 130 os0'i 3

m..tn equation (I02) the Hail effect argi. is ,6b
,, " (100) t litutod thus.

ammming~ tht otor-O0-043!", which ws negligible

)m" volts 3 Theemonsantc lovgitudiosl potetial di-.
-. I 6(10 ' fqevoc..

voltsThip k-agitulinal potenstial differoam iadacid

rolta by the CrM dect f atd thmeloptorelur nd -tag-
Accauftintam, Wil is dArelt to ititesar. Thiis dciSrais

ItW m CRUM is 110t eouhmians by Omrpbell (1923' p. 21).
¶4c the snagreuic SW& Chasge the inherent

j-3 4S smp5Uf thterui5eCtr tn -Powt the plate or tlis lead wire.
a ddweaeev of pottatial wir sel up, The"eu

(vT)... ItW ('m W t' he good rvam to b@live that both the dches
Ii th-tral maducAtirvty sWd tlbnmo-eect powe

(4-5 0 - 5iat M W~e OPOONed it' tim, Prudurt~if Of a lag4EItsdmsl
&MI IF *

1.(10 SO' a', .o datea i pe mt cm Sqvii ameals .nd the
A ~ ~4 f(10 ')3_4S) data an MW~ nme alsi greatly O.peadet 06 t11W179



lead wirt ruattori-i Lwed. t'ntal !rre information. gradient becomes- diatorteed, even thoug~h the
and thieory is found, no clei.aatc conclusion~s can overall temperature difference is undisturbed.
he reached, except to say that this effect is most If. (Galvanomnagnetie and thermioniagnetic of.
likely negligible. frets are considered negligible evt-; though extperi-

4.Therniouiagnetic mingitudinal temperature inental clat-i on NaK 77 has tnot been found.
difference -a change in dip thermial conductivity Additiocual literature searching is necesafry to
of the mnital. determine whether (he data on SaK 77 is

"awre both th flow of electricity and heat in %vailable.
metals is known to occur by electron movement, On the bases of the facts prtsented the Dlanned
then the magnagto-resaitance effect (.( Part lV.C.:1. experiment is feasible and the probabiJity of
should be of the same order as this change in determining the effect of gravity by the electro-
thermal comncuctivity. Theory aind experimental nihagietw minethod is very favoruble.
data tire in disagreemient as presehatet! by ('mp-
bell (1923. p 258), Liven (1915) using the APPENDiX A
assunmptions of a free electron theory deducedi
an expression for the change in therimal con- Symbols and Their Rationalized MKS Units
d~uct iity in a travenrt ntagtaetic field. According
to his expression, the thtrinal conductiri'v should Engtisla letters
always increase, which is contrary to the data - ee
fuiwud on the fow metals repored." A Nharnehie vector potential. -- bAQ'-r'
Section 5.

SUMMAY AN CONLUSINS 4 Electro ' s damping constant, t-,

The basic equations were derived for the R anti flux denosity, w---
processes involved i' order to3 elueiditt the t '.pvrfic heat at constant Pressure.
physical implication* of existing theory. Motion
implied by the, oquatioecs o( the problem and by )"est
the most pertinen, previous investigations wer I9t
discussed. Based a" the analysis, the followm; - euo
statemattts maty be made concerning the planned I) Lencfudest, -- *

experisent: d A -hrcmacdimension of a system.
A. Convective mnwotn will not mignifirantly metrs I

distor the ituriseed manestic Wle. Io
B. The impressed magmetir field will aeffrt the D. Masw tmranspor diffuasritY. -, r'

(c"nwrtivv motion, and hI" offrt can be takeum
into aresuit. i Electrime fied intesiaty, ---. r-1

C. The improssed telecric current is tanifonily - ca

additiwe to the elettiri nurret induced by con. F Vorce. newtoms 1.1'
wertive motio" in the, magneiti Wil nowtom Sl

D. flaseu an the sabve three, statements the J P- y f-m '.1'W_
imprcemn le ~zataguetic bod) faire will be -.
Vniform througosimt he siidnalmaa 9 Net frawilaationAl acrektration.

K. Te iniplemom'eai eleri rka tIfi rese a -. sc
negligble sevition inj the uneamme magnt~c y* Kq~invalt grantaltaual wlersi"A pre
flew inces by she imposd olectrum,%imeic

F. Neglecting joule healiftc t~ UR bMKS"rt
O&lIctri -sironS It" no @alec on the cnm'ortive e.

wia~n of the hWed S!, The earth's msea leve mgrlorstacui.
0. rhot an unprommoil mogmetar fiel pooment

the dhfot of lookl heatmng will be r~esprunesityWCV
deemained. Joule hesatin eoul aftert cmn- O oWtu orm!ATt-
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II Magnetic fiehl intensity, amperes e -•Qt-0 7' Velociqy vector, msec. e

SElectric currcntit, aImpCr"r coulombs, ri 11' Work, joules or newton-meters, 12mt-2
sec I- Test cell width, meters, I

Electric current density, anipe , -2t- Greek lettersmeter'

71y Heat flux densiti, joules a Coefficient of volumetric expansion,
:H Hetflx e sit1,sc. meter2 n- • OK_,,T_,

P.62

K Dielectric constant of a medium, •- a. Temnperature coefficient for clectrical con-

dimensionless ductivity change = -T'K-1'

k Thermal conductivit, e joules 7',- T2
T sec. meter 'K' .Mean temperature gradient =------,

lm T-4t- 3  (K

k, Equivalent thermal conductivity, meter' l-'T

joules 1M 7T- •t- Electric permittivity of a medium,
sec. meter K coulombs

1 Length, ri £ meter volt' m

k voslt 4 -Q-2 f, Electric permit..vity of space =8.85XI0-O2LO Lorenze numiber=- w -0 I'''T-Itt-

coulombs13m O

AM Le*man nuniber-=Bd(a/pv)I, dinw.'ý.iionless mete 1'm'0 2
ieter volty

m Mass, kilograms, mn

N, Number of' conducting electrons per unit 1 Magnetic diffusivity= (,I)`, meseci l:

volume of conductor, met-rK Thermal difusivity=..k- meter,

k .t Magnetic permeability of a medium,
Nu Nusselet nImmber=!t, dimensioess weber

k weber___

meter ampere
Pr Prandtl number=ik, dimensionless u. Permeability of space =4uX 10-iTeWeber , m_

Q Electric charge, coulombs, Q metcr ampere

Electric charge density, coulombs, 1-3Q $, Relative permeability of a inedium=•-,
q meter' dimensionless

F Position vector, meters, I V Momentum diffusivity or kinewatic'viscosity,

gaa T& meters,
Ra Rayleigh number a P, dimcnsionlew sc'.

Vd Displacement of position -- AF, metera, I

Re Reynolds number =- U, dimensiorless P Mass density, - -il-•.l-nm
meter4

Reu Magnetic Reynold number -_Vd
q a Electrical conductivity, ohmmeter' U"m-Q't
dimensionless 

m

S Area, , ieters', P Volume meter', P

8 Length of line, meter, I, Magnetic flux, weber or volt-seconds,

T Temperature, degrees Kelvin, T PmQ-1-'t

t Time, seconds, *, Scaiar electric potential, volts, PmQ-4t'-

V Mean velocity of themam, meters , t Operators in Cartesian coordinates
see. A Difference or change in a function
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Substituting into equation (73) -B=-{; (-u- I-(?)ln (2)}

99 . ()(B)=-Lw [(.786)+(.3466)l B,=,jw(0.l807)

which is plotted in Figure 3.

The motor-generator set wil! produce a maxi- At this point L,= -B,= -ujw (0.1807).
mum of 200 amperes and not more than 8.0 When x,=0, y,=d/2 and w=d the magnetic flux
kilogauss can be obta ..ed using the available is
electromagnet at an air gap setting of 4 inches. r
Using NaK "i7 at 1500 C the maximum number W\ c
of equivalent gravities is found to be -B,=1  T2 cot-,/+cot-

g*___ _ (1.2s)(200)(8.o) =14.6
g, apo(63. 2) (0.288) (9.0) (0.835) (63.2)

where from Table 5 - (2) 1cot-, (2i)_+cot- ',)J

- (0.26) I210-/ +(0) In 4 +• - In [ ---0

II. Magnetic Flux Density Induced by the Im.
pressed Electric Current Flowing in tue Test Cell

Before equations (93) and (94) may be evaluated B -2- 0 ot-1 0+cot-, /
two limits must first be evaluated, namely, L [ \) ..)

lim ' u _- and -i(m)Inei [ W"~~~\I I 
\()ot1+o-'j

where . _ . r co

Both may be evaluated by taking ratios of their 4 ;derivatives, thus

S! + o0- (w) (2) (0.4d4)ll II -Ilim c, C e 2 C€.. eu- _ ,U-1 CU y-u`2) (1.609) -p,.(0.27,5)

2lnc 1 = e-'. When z,=y,=O in general B,=B,=O fromlam - (-t c--- equations (93) and (94). When z1=0, y,==d/4 and

w=dB,=O and B,=-#jw (0.129). This indi-
At zl=w/2, yj=d/2 and w=d the magnetic flux cates the flux decreases as z, and ya(<t/2) de-

components are found front equations 193) and creses, but not linearly as in a circular cro-
(94), thus section conductor.

0{ N10 Assuming a maximum current of 200 amperes
[-Bc,=!! 0 ot-( +cot-' and io=d=0.0763 ineter the flux at zj=O and2rf~~t 1f)fi , d/2 will be

_WoB B--& (0.275 _4s(10-7)(200)(0.275)
IC 0B0+ Cot- -0. 276"" (0.073)

+(0) r o+o 4,, r +o-9.0610-') webers
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APPENDIX D

TABLE 5.-Physical properties of selected fluids

______I____Dm
Tempei-

Fluid ature,
C -joules (reference) meters ' (reference)

(Kg)(OK) see

AcLzon( 0 2. 12(3)40 (Page 2098, Hodg.
15 2. 19(3) man, 1957)
30 2. 26(3)

Air (at on( %tmoA- 0 1. 00(3) (Table 3d-3, Gray 1.32(-7) (Eq. 50, page 538,
phere pressure 100 1.01(3) 1957) -7) Perry, 1950)1_____ 00 1.01(3 2. 12(--

200 1.01(3) 3.03(-7)

Mercury 0 1. 40(2) (Table 2.2, Tlyon, 1.33( -9) (Nahctrieb and
100 1.37(2) 154) 2. 20(-9) Petit, 1956)
200 1.36(2) 2. 91J -9)'
300 1.35(2) 51(-9)*

Potassium t0o & 13(2) (Table 1-20, Jack-
200 7. 90(2) son, 1955)S300 7.75(2)

400 7.655(2)

Sodium 100 1.38(3) (Table 1-12, Jackson, 4. 13(-9) (Meyer and Nach-
200 1.34(3) 1955) 8& 20(-9) trieb, 1955)
300 1. 30(3) 1. 30(-8)*
400 1,28(3) 1.78( -8)'

NaK 77 (77 wt. ,% 50 9. 62(2) (Table 1-20, Jack-
potassium and wt. 100 9. 46(2) son, 1955)
% sodium 150 9.25(2)

200 9. 12(2)
250 9. 00(2)
300 & 92(2)
350 & 88(22
400 & 83(2

Water 0 4.22(3) (Pages 2f,7--2082, 1.45( -9) (Wang, 1951)
1 0 4. 19(3) Hodgman, 1957) 2,02(-9)
20 4.18(3) 2. 64 -- 9
30 4. 18(3) &39(-g

100 4.22(3) 1.34( -8)"

*Extrapolated."CINotation means (n)-z(1')).
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TADLZ 5.-I',y3iCil prow.rtie of selected fluid*--Continued

Temper.

Fluid ature6C watts (reference) (reference)
(m) (*K) 0F.

Aeeti (30 1.96( •-I) (page 2257, Iiodg- 1. 32( -3) (Page 2t007, Hodg-
15 i . 91( - ) man, 1957) 1.42(-3) man, 1957)
30 L.80( -1 ) 1. 52( - 3)

Air (at one 0 2. 36k -2) (Table 4 K-6 , Gray, 3. 66(-3) (ideal gas law)
atmosphere 40 2. 62( -2) 1957) 3.20(-3)
nre.sure) 100 3. 01(-2) 2. 68(-J)

1 200 3. tml -2) 4' 1,1'1 3,

Mercury (1 & 34 (Ewing, et ws., 1. 82i -4) (cai. from page
100 9.52 1955) 1. 80(-4) 1995, Hodgman,
200 10.69 1.79(--4) 1957)
300 11.80 1. 81(-4) I

Potsassium 100 4. 76K 1)* (Table 2.2, Lyon, 2. 93( -4) (cal. from density)
200 4. 50() 1954) 3. 02(-4)
200 4. 24'I) & 12(-4)
400 4.00:,) 3.22(-4)

sodium 100 9. 75( )* (Table 1-9, Jackson, 2 44(-4) (cal. from page 25,
20) &8 15(1) 1955) 2. 55(-4) Jackson, 1955)
300 7.57(l) 2.65(-4)
400 7. 12(t) j6(-4)

NaK 77 (77 wt. 50 2. 20(1) (Ewing, et al., 19551 2. 79(-4) (cal. from density)
% potassium 300 t 29(M) 2.83(-4)
and 23wt. 150 238(1) 188(-4)
sodium) 200 2,47(0' 2.92(--4)

250 2 54(1) 2.96(-4)
300 2.59(1) 3,00(-4)
350 261(1) & 05(-4)
400 2.62(0) 3. 10(-4)

Water 0 5. 54(-I) (Tahle 4g-4. Gray, -6. 43(-5) (page 2067, Hodg-
i0 5.76(-1) 1957) & 55(-5) man, 1957)
20 5.98(-1) 1 1 0 7

k -41 ed.i .... ,30 &o 6 5-1 3, 2(-4)
100 ,80(-! 7. Oi(-4)

4Extrapolated.
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TADLII 6.-Phyraoal piomp tie of .•&,ddfluids--Continued.

IIP p
Tempera-

Fluid tti- C Kg (re'erene.) Kg (refercame)
(in) ("0c' (mn),

Acetoiie 0 3.99( -4) (page 2037, llodg- & 18(2) (page 721, Hodg-
is 3. 37(-4) man, 157) 7. 99(2) man, 1957)
30 195(-4) 7.78(2)

Air .at one atmos- 0 1. 72(-5) (Table 2v-3, Gray, 1.29 (ideal gas law)
phere pressure) 40 1.91(-5) 1957) !. 13"C?0 2. 18(-5) 9. 45(-1)

200 2. 58(-5) 7. 46(-l)

Mercury .0 1.68(-3) (page 2040, liodg- 1. 3NO,4) (page 1995. Hodg-
100 I1.24(-3) man 1957) 1.335(4) man 1957)
200 I. 05(-3) 1.311(4)
300 9.50(-4) 1.288(4)

Potassium 100 4.35(-4) (Table 1-16, Jack- & 19(2) (Table 1-14, Jack-
200 1 99(-4) son, 1955) 7.95(2) son, 1955)
300 2.27(-4) 7.71(2)
400 1.94(-4) 7.47(2)

Sodium 100 7. 05(-4) (Table 1-7, Jackson, 9. UP(2) (Table 1-4(a), Jack-
200 4. 50(-4) 1955) 9. 04:2) son, 1955)
300 ?.45(-4) 8.82(2)
400 2.84(-4) IL 59(2)

NaK 77 (77 wt. - 50 65.0(-4)0 (Table 2.2, Lyon, &.59(2)* (Table 1-14, Jack-
potaonsium and 23 100 4. 78(-4) 1954) & 47(2) son, 1955)
wt. % sodiura) 150 3. 83(-4) & 35(2)

200 3. 20(- 4) & 23(2)
250 279(-4) . 11(2)

o00 2.46(-4) 7.99(2)
310 222(-4) 7.87(2)
400 2.05(-4) 7.75(2)

Water 0 1.7 92(-3) (page 2036, Hodg- 1.00(3) (pgep 1994, Hodg-
10 1. 308(-3) man, 1957) 1.00(3) man, 1957)
20 1.005(-3) 9.98(2)
30 8. 007(-4) 9. "(2)

Lo 2. 838(-4) 
9.58(2)

'Extrapolated.
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TABLE 5.--Phvaicol propchies of selected fluids Continued

(U)-'

Fluid Temperature, 
0C

• (Zoh) (M) (reference)

Acetone 0 (page 143, vol. VI, Washburn,Is 1 . 7(5) 1929)
30

Air (a' one tmoephere 0
pra..sure) 4II > L 0( 14) ( 42, vol. VI, Washburn,100T2)

200

Mercury 09. 41 -7) (Table 2.2, Lyon, 1954)
10o . 03(-6)
200 I. 14(-6)
300 1.28(-6)

Pota&4ium 100 1. 55(-7) (Table 2.2, Lyon, 1954)200 2. 18(-7)
300 2. 82(-7)
400 3. 46( -7)*

Sodiumr. 100 .99( -8)6 (Table 1-11(a), Jackson, 1955)
200 1.364'-7)
300 1.747(-7)
400 2. 199(-7)

NaK 77 (77 wt. • potasium 50 3. 70( -- 7) (Table 1-17, Jackson, 1955)
and 23 wt. 'C Sodium) 100 3. 92( -7)0

150 4. 16(-7)
4- 4.44(-7)

S4. 76(-7)
300 & 14(-7)
350 & 50(-7)
400 5& 6(-7)

Water 0 & 40(5) (pa 152, vol. 'l, Washburn,
10 4. 18(5) I%)
20 138(s)
30 1.41(5)

100 1.29(4)

"Extrapolated.
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Initial Yielding and Fracture in Notched Sheet
Molybdenum

R. T. AULT

Ai'm 4cr.-Thae initial yielding and frnwre initiation behavior
of urought ats-refietwd wand recrytatliized nolybdwautn was in-
amssigated as room ten perataare. The effect of no"c sevia and
g.-in size on the nature of plastic flow in naotched shag tensile speci-
mens umi inivstigaied by -na fpaaatcmtns The
nature of fracture initiation tin natchei shm =toaie.ase m
studied through the use of pre-polishod and edW sarindno"ri

Applicationa of the Griffih Oroaan theoty for cackpu& pto
and the CAwel criterion for crack initation. rewsi ha te ffctv
surface energies for crack propagation wand tyack intatiom ame the
same order of nsagaisude, ma*ick is &( trgs/co'. '%is finding is
supported by the exppwimemaa obsrvation tAm no nucrwmacks wwe
foususd.

PIastc flok ragiMs dMOTMiAdd eXperUWWft8aUV fromR the phAW.
elastic coating saidies xwe shsna so be in #aod agrwamnt, baod

qulid~rand #psntatatiawily. uVA't thowatic results predicted

Initial iidding at the no"c rose Kam found to occr at the -mm
mnoinal wtms kvW for a given material condition, indepandent of

the Magnitude of the sovs canontuwnaaafator Th6is nomibal
staws in thme" noctie sa.Was vey =w~y - to 'th sutoAt
menile ..add msas.

It is Athe 4mw of this prepr"mso inviedgwe sua wdape *I
th e ar of floor and jeacwaar in notched Aw at y~dmmmL The
Orptrmenia approah can he COUMaMOuV Jiuided into tro phots".
In Phase. I the inisial yiWA* agnd fr~ir behmati of noteched
teessile spoimdmms Uesim enoa fro aUWbo~nic saw of NNWi

point of nowft. Initial Vildn Wets studiff) U=Sn'peownlmst
c"WtiNO SOcnqm~ Fmirreh-ibmrswisuacu mwont by camt-
paring the onnoche and nitched towsiir properties for raisws
"N of soves. In MOWs It oftu prw hrwn use mat of feacas

wa is i rd~p from a mo= =mumnsascai pown of now. The
nmu rwsore chaeiriscsicsi wwe cocwpwo for the rocvy-

Mdhavd ewaditim.t in Arme dijerau gMRain M awmed in th .rauag
tress-rvimsed cv nitam. 71e fveuare Avumrwhwssof *I e A*an-

Rok ot~hdtanile Ipwiu1rs in th ,wryvudis ConE udition nwr
isnavned .einsding so cmrwi #j~w*i. surfaewRW .. wgvcoov
Pawwicuulr Ofton 'mw pai to siutyw~ Je lwaxoiena nd modr
of froctar initiation n theA mawaked oMLik spersamss. Teoweis
match spersesuas "We aned fier thi portio of the insm4ben-m
Dislocation density- awuriawmi wwr ekainend fran ath pit

Soami" in Order I* jmeuuine the moaPAN&md of phsarti flair at the
rowt of Ath a"c.



INTRODUCTION formnation of voids by the condensation of veican-

There hasa long Wren a need for miet attic inate ial.4 cies which are produced by plastic flow. The

in the form of sheet. Recently, however, die v.oids are then extended and joined ais the result

importance of sound structural niletals And alloys of further plastic flow. There is no real iretmure
in sheet forim has breei smre'stiel due to th eut.r tg but only a sewparation of the metal as a result

nients for suchm sheet materials in advancedl aero- CA oineivdfrmtnadplscfow
nautcalant sp -evehcle rstms.Thee 1 a eparat ion occurs whemn the work hardening capae
miauicm an sp't'vehclesstsns Thre i a hilitv. not the ductility, is exhausted. Ductil-

particularly im1portant nectd !or hig~h strength to

denmsit:.. ratio Ahect miaterials for solid-fuel rocket frowture, although importatnt. -~ill not be a subject
moto va" apliatins.Ther isals a equre- of discussion it, this report. The third itltegory.
moto cae apliatins.Ther isals a equre- eiastic-plastic fracture, is comoosed of a .omplex

nictit for high inelting poinkt refractory mnetals it iunteraction of elastic and plastic response such as
sheet for, '-r application as liners for solid-fuel shcir fracture, hetergeneous plastic flow, crack
rocket motor nozzleq andi as leading edge inaterials. format ion. plastic tearing icning adjacent ciacka,
for re-entrv rehicles4. The refractory inetals of andl crack propagation throug-h dIN ret.-ase of

tartilular d imnorutaearemolbeu. ugt stored elastic energy. It is elastic-plastic fracture.

tatlwii rfandctoryumbiutal.knw ohaego which was studired in this work.
T~ierefactry etal ar knwn o hae god s te Grffih teor for' purely elastic fracture

elevated tetmperature strenitgth. hu, iheir ;efulness and tse modifficatieonsb rownadIri c

is limtited by their relatirely low resistance to an t modfiatostby froant are Irathe wellh
oxdain.I adiini tes atral aeusd apply to elastic-patcfatt r ahrwl

oiatlow .tempeaddturson, ifbhewcmted il to e musedia known they will not be discussed here. Similarly.
at lw tmperturs orSubecte tomu~aial the dislocation theory concr1.ts developed by

stress sistents. they may dirilAsy a pronounced C'ottrell and Petch which are pertinent to this
tendency toward brittle b~ehavior. This is known pprm qal elkonSi hrfrwl
to be the rase for high strength steels. nvo denumn not be treated. In contrast there are certain
and tungsten. IUsual design criteria ininot preict nmechanical. state of streas, concepts of fracture.
failurr adrquatelY underr these ionditiwts. which pertan to results presented later, Uhict

D ACK CROUN 1) perhaps are not as well known alid, therefore, will
mow be discuseed brejer.

The discussions in this wimtio are iwlended to AS oue stage of an elasti-plastic fracture
provide backeround infornatiom which will aillow invalves the propagation of stationary crack&. a
a critical anaivass of the experimental rftd-.z pre- knowledge of the strum.. at the tip of 0-e crack is
mintr later in !be repuit. The ronpiex problem essential in undemtaridig the mechan~is of
of fracture in mtetals can be treolveed into two fracture. lninar elasticity aYWNals of Siloa in
,tprrts. one which dc&Ua&lh letI.w zinaicnmepir of the vicrinity of a crac have been give, by Inglss
atanxiatic merhanimia of fracture, and die other (I). Wasterraarti (11). Irwin (3). and Williams M.)
whicth consider~ s Ow erts, of :w'allural" !-tul Their solution. are simils: --id both tousgitadinaw
testing paranieters. The testing variables include amod transrorm at wss in the siirwigborbocul of the
such things u strain mrat. temperature. atr.. crack tip are found to be snewumey pruptirtioaal to
state. O~rain gratfient and cyclic loading. This the square root of tie distanice from the crack tip
rvpwt art de primarilY vith 16e latter aspect of row az'svswa by Williamts empasesars that at the
fracture bow of thme crack the principal stuiwses ane equal

The iechanic of fracture. might be broken into and thus there *s a two-dinoasuiottal *%at& of
theree categori"' as ;0olls Adral elasmic fracture. hyiroastatc toma, k which tmo&l to roduce tbe

purely plastic fracture, Wnd elsas-c-plasic fracture. amsount of yiebli fig AI D& in wegre"Wmet with
Ideal elastic- fracture involves the breaking of the otheir analyses. that the Maximu prifcips
atonic bonids without any plastic Meormatime. tens&l sie'.. ocitur. not at the beriamate axis of
This sIpe of frarlitire is neVer torarved in mertals, the crack but at an anler of *SO' frtim the
i~owk rvr. it is of interest since it providstr the hariasitlal, Willianis aliai dems%,xtrtUM 'hat tne
basis for the uell kioaii Griffith theory of fracture mtaximumn disiartson strain esavrg oerum at an
in gamtic solidsý Nudificatis , 4 th" theory have angle of 4 Tao frme the boiciuoetl. Thsis abm~r a-
N-en appliftd to fract urr ir: polp " sallawne meals tion w asoA detwenrand exrwrimeutally by PNst
Purrly pli~ttc or duictile' fracture involves the 0' using plionelastic technquas and hao. 'ecely



been borae out by elastic-plastlic strms analysis intimately related to the processes of f~racturing,
ttchniquts (6). the next logical step would be to try and incor-

The theory of linear e'asticity, ho rever, fails to porate the results of the ideal plastic and elastic-
give the traie values otr stresises for cracks iii real plastic analyses into varios fracture concepti..
metals for one of two reawnsm: first the elastic At the present state of knowledge this appears to
solutions predict inflni'c strrss s at the crack lip, be a rather ontiniistic step; nevertbelem, several
alid seond. thme actual occurrence of large strains inivestigations have made advan(-.4 in this direc-
mav in validate the com only-applie~linfinitesimnal lion. Williams (9) has recently proposed a ductile
deformiation theory. Thus in order to account for fracture crittrion for the tensile case with the aid
the real bheli-;or of it metal either pl-tstic or oi eiastic-plastici stress analysis. With the aid of
Plasctic-plastic solutiores are necessiary. The purely Stimn;son anid Eaton's analysis, Williams accounti
plastic solutions assuime ideal plastic behavior of for the strain energy of forming the plastic en-
the mnaterial whe~e elastic deformations are claves and applied this to the Griffith energy
neglectemi eoepleiply The elastic-plastic .olu- balmice in developing an extend.-4 form of the
tions, which are far more difficult. assuna ant Griffith crileronil for a thin plate with an interns!
elastic-plastic situation with or without strain c-rack.
hardeniiig. The elastic-plastic method has been fult and Mcflintock (10) bav.. performed an
developed by Allen and Soutbwell (7). They have elastic-plastic analysis for the ca-s-e of a notch in
applied this nmet hod to Stec problemt of ena externally a semti-infinite solid subjec to pure shear. The
190*) V-cnotchrd and semni-.-i-coIar hnntd-h64 tensie material was assulted to be elaatic-idealiy-plastir
bar under conditions of both plane strain and plane and from the analysis the radius to the elastic-
stress. The solution is obtained by use of the plastic interface (R) was determined for low strums
relaxation method applied to the combined field. leyelsb to approach
and involves solving a linear field equation in the
elastic portion and a nonlinear field equation in the Rr--".Eq. 0
piastic tregon by an iterative procedure.

The relaxation technique coctsists essentially of where c s the crack length, r is the applied 3hear
assuming (a, the validity of infinitesimal deforma- t I I ndr . i the Y-ield at. iv. sbear. Me-
lion theory. tb) a stress-astran curve. takenas (itk O)lerptutdacrepoin

cilascricpateicn wakeno astr !harvon ises, lantc' a ondition !or fracture which stated that fracture
wied citeion taen s ~von>tiee.llecky occurs W"tw the plastic sf-ain throughout the

value. Tbe elastic jiroblem fur the entire regin.' distance p directly ahead of the crack readie a
is solved, and then the are"s near the notcis where rriti4-ai 'alue Y. "The distance P is roated to the
,he von Masro-Ilenecky strrea is extroe tthe strurtur, of the aitorioil. being about the asis
plast.,- tenlaves) are relaxed back to th wihnwhc h rarl hoyofpatiiyn
strum. thus. orerfiowizig the initially assunsd acoelv ,i h lsy
elastic regim. The Plassic molutior is rvromaputvd mri at fra~turv in the ordinary torsion test,
and the peat iterat-d to conree~race The CAII 1)ha ee l rstiteso a
important feature is that there ;a a linear elatic fo trvl a f sapnth asd reenl t!reat a the sh wiear
field eqnation outside lite ~e4% @and L "OthA fpor aw for l ot and has t~evise a& flmr wia
plastic fiuhi equa'imu insde. the prbe is to ~ fr~wsrmlvba oo,
locals, lte kaowadary at the plastic enclave.

jacoks (ý) has cxtvo&-A tIs technievu to the.F'. 2
prvblm of an e"t-nal, cracked Imtnsl bar
saibtswted to plan *traiv, anid ire llotitimpson .rbffv the snnbals have Owe minw mnw*Aw* as sin

and Katon ikc have apphoie this methad to at Xquation it). He piopme. a ,ndiWe Griffit
externally cracked plane oirem tetilo nwvpec.ze fracture enrvWep where the swsfait tension term %

Thor thin sheet or plan# Saii Solutiw, of rePlaced by thP work expended in plasic deformn-
panic u:%r intervol. air4 later in the rrport the I ion Which r. equal to th. yield strv"s i-1 sheow tunes
rvws!4s wO i too rwpaird wilh t6w vivid regon she displaemeot at the notch tip uiwaaued* in a
experiawatalv detrmined ýn this atmedv clarelion normal sI- the tip of the sotei.

A% pI*asic "l at-ri the %taic 6f creassand &train. Neither isl) baa peveessaed a theotetra troat-
both mWinosc mud mareoharopir, ame wisnwhou lonet for the sire res"TeSeItrP o finctor "'I the



TABLE I.-CAgMieal ONaaipua, PP.V

CONI)ITION C o N i i1 AI Fe Ca W ME Ni Cr an Ti CIS Z.. Z,

Arotted prior to annea!- ,
j.........105 50 14 17 42 to 5o '.0 200 <a I<I I<1 2K(S3KIj <Wrotght. ttrem-mliev"I.. 24S 1I L. (1a.5 1 [ .

Aniaieid. 1,300* ( -I hr 171 IC 1.2 0t. 4 ,
Aa'..1e1~. lu,04D -1 hr 101 '0 '1 11 1.
Annt•aled. 2.1003I C -I hr 69 12 10 9 I. 5

plastic range. His model is basted o,. :t nonlinear 2.5 inches by 0.5 inches. The extrui.)n billet
stress-etraii. curve rathei ;haln the usual elastic- wra chamfered to an 88* included anglt ith a

Ideally-plstic relation. Soiations at present are 1.125 ineh diameter flat nowe. It was then ecn-
available only for sharp notches having a 0( flank pletely sprayed witt a glass lubricant. The glass
angle loaded in sheas. costing was 0.030 inch thick. The die material

was a high speed tool s&eW, which was faced with
N- ATEaIA1. AND SPECIMEN alumina \o lubricant was used on either the die

PREPARATION or the container. The follow up material con-
sisted 41 a 2 inch graphite block plum a 1.5 inch

The wrought stre,.-reijeved •atolybdenu•n was glm coated copper bloack. The billet was hte
supplied by (Olitaax Molybdenum Company in the in dry argon to a temperature of 2,200* F (I,205*
fomn of 0.061 inch gag sheet. The recystallixed () and ex,.dJed in one pam at a reduction ratio
sheet molvbdenuti was fabricated by the authors, of 6:1. to sheet bar. The extrusion pressure was
The rompositkin of both the wrought atrt- 4S2 -oa and the ram speed was four inches per
relieved material and I he recrystallized materia! is second. The yield in weight perr.t was 02.
given in Table 1. All o! the carbon analysrs and The extruded sheet bar was then cut into eight
the analysis of the as-rolltl material prior to the 2.5 inch square bWorks and preheated in an argon
annealing treataments aw perfornmed by spectro- atmasphe at I,80 F (OW) C') for X hour
gribphi te-h:,iquc. The Ca analysis on the pior to rolling. The blacks wone erom rol in
wrought siirm-relievrd material and the rvrns~tal- fire passe to a width of 3.5 inches *tnd then
lized nmater•J was done by vacuum fumsion rle in a loggitudual direction to a diicltm of
techniques- .Offo inch. The specimens -e6e mileated in the

The proceessig history and aares-c" treat fumrnce after ach po It took ihr minutes to
ment foe the wrought a'rmti4,,teJ material as get the asfpimens back to tet•perature. The
as folow,: total roduction ras W porreat. wit a reduction

t.One inchl thick aveesy allia sheet bar was rate of 10 poeret Ipar pow
roiled in toe pams at 2A.1 F (1.173* t,. Te Ashet mnaterial was :hes machaued into
with sit reheIstaga to 0.242 inch th"c. tmaui specimens, and subsequently annealiod. Thc

2. Anneaded for 30 mnumte at 2,13W' F (1.1T#S rocry•, e•lihsm a.r Aaiil treatmnt, ;mV.)Yd a
Ci. com.,pW.tAy wvyMrvstald structure with thre

I Rolled in r~ pamp at 2.0500 F (I,120o' C), diffrent grftn vim. The diree anneaing trieat
with Be Bermheatings. from 0.142 inc thirk meata wv* 1.300" C r2.3726 F). I.5K V" (3,2'*C
to 0.120 inch 4h"k F). and 2.100' C (t512* F) 41 fw oan thaw in

4- Rolled in 16 pFws at 50'* lF to 700 F a vorsum of oiI mimr"a The sp . wm
i345 C' to V3.e(l. with IS rw|h*tiom fronm rocled of a rilativ%4y fat rate by shuting of
0. 120 inc 1thiel too00 OSI b ichap the POW04 to the fum"Oc. 11w tune to reach

S. Ileated for IS mioutes ato 1 OWA) F -OW C: - tempurstur Uwa appralismatey 01e boor
in a natural P" fLnd I fuw and -he mcohn' rate ww apprwiimev 2r 0 C

The tarting matermal for the rwvy alhusd hee4 M- mia.etv d,•n to 001' C. The grai Bls and
Oepec~nmr C sk "fle ingot .,! ar-cun maslyb- tmicranwzes d atv 'd gien in Tahie II. The*
dmnum p" vi hy tby taxm Molybdenum ('Ceo- hairdnem 4 eteematona ow. nmwa with a Ti
e-v The biOl4. 'hwr lathes in tlanatr and Illardn- Terter %"a g IU" dusiouid pmnirtowc

i6t- n~le I&W en41h Was :Xicitr.ul iota Cheet bar uad a a S kilapan, load



TABLE 11.-Grain 8ize apid ,nicrohadness data sides through tile notch region, to provide a good

Grain (Jain Hard flat surface to which a hirefringent coating could
Collditiol Miz., dianieter, ,,,ss be I)ond('d. The tandem notch sppcimiens for

ASTM inn, DP1H thc recrystallized material contained 0on13 the
-_______ -- _____ -- ~- -- 0.005 inch root radius notch. The tandem itot~ch

Annecaled, 1,300' C--I hr i I.04 I sjpeC1.iiieis foi the wrought stress-relieved cond:-
Anneahvd, 1,SOt)" C -1 hr- 3 0. 152 184
Annealed, 2,100') C-1E- 1r 0. 225 1 , ; tion contained both the 0.005 inch and 0.050
Wrought, stress-relieved--------------270 inc+ root radii. Thel( 0.157 inch, 0.030 inch, and

---- ~-- ------- %t.0)~ inch root radii provided the specimiens with
Material from jir, ,S.Ctjkujj of ý'fnlotl 1Ti s i peiieite 1 the foIowing respt'ct.vtt theoretical elastic stress

- -~after fracture coneertration factors: K,=1.93, K,=3.7, anoi

Aneld 1,300" C-1 hr------------ ---- 230 K, == 8.3.-
Annealed, 1,800' C--I hr---------------..
Annealed, 2,10X)" C-- I hr-- --------------------- 7 INI EN AND TETPOCEDURE
%%rought, stress-reiieved ------------------------ 270 IQ IM N N ETP

_____-- ___-----~- -- All of the tests were condlucted at roon tempera-
turle (78" F) (260 C). The tandein notched and
unnotehied tonsile specimens were tested at a
constant crosashead speed of 0.005 inch per minute.
Trile n~otched specimens were tested using load-
unload techniqtues. Thle smooth tensile tests were
c'ondtucted on a "hard" Baldwin-Emiery SR-A
Testing Machine, :.lodel FG'I; the load-6train
curves were auitographically recorded. The flow
properties w.ere obtained 'fronm strain mneasuro-
inents, beyond the flow stres, determined by

nmeasuring the extension of one inch gage marks
withI dividers. Maxinmum loads and fracture loads

W were recorded for all specimens.
Thle notched tensile tests were conducted on

it hydraulically driven Tinius Olsen Universal
* ~Testing Machine. Initial yielding in the notch- 'I

iensiie specimens wrs studied by using photo-
elastic voatings. A piece of Photostress' plastic
which had beeni machined to) the sanme notch
geometry was bonded lo each notched tensile
specimen. Thle l'hotoetress plastic was 0.008
inelh thick and great care was taken it, machining
thle plastic to the ýxact notch dep.th of the metal

- -. specimen. Tlhe same mniJ utters were lsed tn
- ,,, .., *,,,, machine the notch inl tilie plastic as we"e used onl

the mnoiybdenumnt sheet material. In bonding
the plastic to the specimen care was taken to

Fiat-RE 1. Unnotched, miotch-.1 and tande-m tnnmrhed remiove till rxcet% adhesive front the notch root.
sheet tonsile 8pecimens. The total shear strain and residual shear strain

in the notched section was analvised by taking
l'The sheet mmaterial was miachtined into) sinoth b ita surccessive sen"e of photographsl through 0he

and notched tel3ile, srhccimiemiA as shtownt in Figure analyzer of thie poilariarope a" thle specimnwi A**
i. Tii, notches were machined I)Y miill cut tees loaded! and then unlooded. This proredurt was
with a liN)" incluided angle and the following rtwit repated until the plastic masteral became w.-
radii: 0.030) inch and ().M.' inch., rlie etemni- hondeti front tlhi* %p.-rioun or fracture occturred.
circular niotchm had a 0.157 inch. radius. A 30 _____

percent iotehi depth was used in all eam-s. The I Photootnm so ;~tairic a oomnwen.l pioto.aaktir
inotch1 specimens11 wtere lightly gm iound mi h~ 1III oj,,ikit urrket&- lb ii.- ItudO Co.. Phi'nainvikIN-. .
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OtilY itt thi! cei-i or the qviiii-eirctilar nnorehed parts itiethyl alcohol and one part concentrated
specimlens4 did the plastic mmwterial Iwcem.1 11n- sulfuric acid. The specimens lwere chemically
h)otvl A prior to f r40 tire. et "lined by tininersion for approximnatf'iy five

Plihoelastic voiat inL's were tiot iised noi t he swlc .)IIR in a solution of potassium ferriý-syaimide,
hitaneil notch spetcinuit's. Timme-i spe(wieties were sodlium hydroxide and water: 10 gin KI',CýCN),,
eleetrolytically polished wild chinonicall ' etched I 6 gui XaO~l, 100 1l 11 O
prior to teiti, *. l'lotuminiirogminphs; tt 100x
uere (akeii of ~i,1 imotchd ro;giolmm9 prior to and R ESU LTS AND) DISCUSSION
itit,i' tesileii tt. 1i~iiw Thm : ie elec-trolytic ljJ(1 'Chlm etfect of ntotch severity amid grain size onl
ilhimig lund cheinicaml etcl~iim.- p)iIvedlure wita:'listed
for tll or the photolinirouraphmic work tiliii v~elm t he rmml mire of plastic flow in notched clice:- tensile
pit sttidies. rime speclire~i, were' elece rolvtirahlv tiyc Of nnio!ybdenumn was iinvestigitted by
polishedl for 5I) %lmomies tit :1 voihs (current -. mll~atis of photoelastic coatings. The nature of
knmownm') in anl elec-trolvie whichi eomsiste'il of qix fratcmture initimtion Iln notched sheet tensi~e speci-

ramix it~ 7', n-,mb gnov n,.teA I.-nsele pmprloxTi. 'f rerr"p(qI1mzed m,MPOImAdrMa

Sm.r 0 ' Triwr Total t-1. Rtin atin,
Si r m.- Atitwu.iv 4 I I9:F ým:'I. I ll N' S'.2 '. T. . rmirtia T i " t in an.&,i

1:1 F3t 1. 3M1 MenWO 4.3a 1. 3111) li200 fok..M11u 14C 000 5o S6
is -t 11 51.M) 37. t00 :12, 71K) 35. !K)0 3 50.40 521500 6 0
1%. C'1 1.51 %W - All 4mOU 49'5Soo 4 0
21 D)2 !.100 41. 30t) 40. 111) 53.11 .- 0
21 VI 2. io M :~5010 2".. Mil Ao, six) 3:1. 00 33,500O 0 0

N.otch Noteri Notch so
Tw %: prt, Vr-tl mci-i. ra'-urr Itrduttsoim ttrain at

%pmcinwil Antwa.'nimg ncmreh a1  *.rmnjth. -ti.'OEth. -tr'egmth. in. arc-rn. actch remt
trmmhp, (' -Wrnrimwrh au * t frati-

13 At 1. -W3 Tat.4't.-c '3 AM4. low 4
13 D)2 1.51)0 '.1 52' 1WX .el 56,nt f. WL ~ 0 QS
I1.11t2 1. 3W) 3 S 1" 36. t"IA 56.IM'3 0 0.1u
II13 E.003 1.13M :1S03 WO . aIt too 6 110 0.
I31)ge SO 5.3W0 aWo 4A 4400
13 (2 1 100 1 13 11700 7a. MO K GM100 9 -1 #.
1311 ). I 3ý30 1 S& too 7:2.1 W NA a41W t- 10 12t
1% CI 1. MW Taz..li'. I. it 140411 1 L 400 0
1% A I i.M I ;2(r.i. '3 OMl 1 0

I'W Ia lai. 1. a 31.01 WO00 It.fow 0 023
1 I .ms3 111100 34. Too 14. 71110 0 Q 39

1. Ill 1~ 17 I Son~ 1'rulvfrt ~,m. P4
IN 111 g. Wl 3 7 U, we U1.3011 ~ii. We 0

111001 1~ t31 17. U" 1A 3ME V53,01o0to
WIa 1 trm 3 12110w yrn'ctrc it, pit. %04~-

21 Al I IOU Tnwall-rn 9 13 21.0 a 3I0 00 11
21 Al 2 100 lacuk c. 13 32. GM 21016W 0

2;1 (;I 1 100 13 143.OO 600% Ad.4010 0

it F2 2. toD 1 12. '00 1Vrm,wýq *c pa" 6tAir

21 Ion %3(0 ~ 12, 31'J 4*1Goom l a~m
21 111 1 .90( a 31rarimar At tar. l

*Sr ýuan. Ct2.'d ýi a W t. itl



ielIs wAis 9!tdied through the use of tatdem The tensile and notch tnsile propert!,s of re-
niotc'h spci, nens. All tests were on lurted at ery-stallized and wrought strets-r.licved in olybde-
room temperavure. hmI are. listed in 'ra,.)w Ill and WV resipetively.

T I.~: I\'1. af.', aiand *,,,tfI-A ti.h priprt:.. sif - errohg str, .a-rdiip.d mnolyij ien un

in;+-i :; It 2' . SI , 1. I '. T. p-i Trite. fractimr,- Tot td e.. '" lit. dut tiou in
-tri- 1.1th, psi X I.; A arte , A;

It II, (MM) I t1. INA) I 6i, W4K) 20 50m7, ml' m 1N•)i14, 3410 16, 800 is ' 50
lilt. AIM) 112. 00i0 151, 211) 15 51

Tyvp.- f N.,lt.h N,.| .-•tt Itw n-it" N,:trh Re-itlwtinni Sh.ur strait
•ta'i I•. 'l~ ,~ tvtl K -or, :;+: p-i -Imr.Iu1th, tj-i fr-atime - it, area.', at ntotch root

- It,,1c l -.ttin th, iv- at fracture, ',1

0 "w's emH A. :. S7,LSM 47. .5W 1) ----- .--
IV N .. 7 'l2U ) S7, 00l 0 ............
k'•: W.I. MW• ",2' mUlo 0 ........

6" : 7. Iwl V• . ý410 ) ............
I .T~d,,, 3 •'11:1, 4XI• 113, MN)• 0 ............

It "Ia .t' A 7 11;3, f01', 113, I100 0 -- -..... ....
.1 7 1011. C t; O 116. t1il 116. 200 0 I. IC

I. 2 Il+ 7.0) ; 17. '.U)l 117, 000 0 1.50
i) I '13 Il6, tll 115. I I& IIs, MSAW 0 1. w42
A I Act 110;,1 filJ I17. W0 126., Ow . ........

"ri 1.t k .Yit .:-qMt- i',tdo d A 'I1-uprt y amo

t, t-.-il•'~A ,.tti. , 0. N S_ -. I V T. S., ý-+t Trite Irracture- Total el
,+tx"•lnth Iwi Wl IIIl) r

t, 311 4% 400 67, m 141. sm0 IT
I., ti U w S31.00 o . Ow
;. 100 it).± 3!5M a 5 33. m0 0

St K'10 Itit'w 1. Alm) 160, TOO 1

Noirhra .'lar't nwamrl.

No Arrth. p-iI tior• .ett... N Potih rrooct at'i

3wIsion S o06Or. 47
iT, SM. 3 I &It.W A4.400 64. M0 L.
I. Pl U 3 t. m 34, "ir 1 34.100 (1 31
I sm. . 34. 3km , S& 300 -

1.3 WD.1 90 U 300 w3m11& .000
I. IOs 13 34. ;X 34. 3w 34, 3w

.7 ,l 1. " 7,

tooI I Ti I iII%. am 1!500 1 n0
.1I S I I I I I IS



E... .. --------- - oiaym.lenutii. "liig ihavior is in good agneielm t

0with tl" findings of Johnson '.4). The fine grain

5S -----d" - sizv' mtaterial exhiibited nver 501 percent redatici
,., I n area (R. A.). Prior to fractur, wlhile the two

0 .larger grain size miateriali fracturedJ a! tLe imaxi-
45- m n id point with (P percent It. A.

40 The diata on tihl, smiooth tensile specimen., ii,

35 ,Cmm Oltu 0152 mTm 'able Ill show that one of the large grail, size
'slH('ieiilens (spe,. 21 D)2) had ,xe.,ptionaily high

"0 • GI, iA 0.225 Miilii yield aiid tensile strriigth values. Both of thie
8 25" 2.1i0l0 I' annealed sp,"iriiens were found to have

thc 58al1ie grain size and a chentical smIlysý,s check10 r..veitaed thai the 0, N, H and (' levels were the
s0,lil1' fir both speciliens. The specileli which

Of showed the, arnOiialoml biehavior wa. ohm rved to
5 . have a Iiiue'h more proalouneed yield point and a

-. .. - rippled irregular stirfasc in tie gage length. No
0 004 .009.o12 .o6 opo .024 060S ..o2 1 .o0% sound explanation for this b.1havior was found;

Striiin.ia/n hewever, it may possibly be ai, effect oel orients-
tier.. Recent studies by Rose, iF'errism and Wuiff

!"t'". ; .I Ffect of grao -ii.' il t.-.'",-stmr'in eiirvs -f 1 1 on the yield and plastic Pow behavior of tung-
r taliuz,'d niolydt,li,.'.", %tein single c-.- tals found the proportional .,unit to

I.e a function of ori.ntation "[Ley found that
... t crysi ;ls whose tensile axes were near the [1110 di-

t0. 1 rcctioi. were aborit three timnes as strong as {100]

i0O (r , vstrlysh. It was tilso found that 1i 10] crystals dis-
9 • played yield p)henomnena and strain harden little,

W•@4#-$VFW., ftkaW N1h4-,o as the f{111] and [100] orientations vield
70 smioothly and sno.ed vnisid•i-able strain harden-

ing. Whatever the reason may 1w for the ob-
C6 .0,r'-d anomalous behavior it was felt that these

ldata should not he included in the average base
- - linte data.

•0ý I Before discussing the results in detail some gen-
eral observationm should be made. In all of the

20]• spet imens tested, fracture was observed to occur

by transgranular cleavage. This was -true even

0 . .... for the smooth tensile spe imens of the fine grain
0 .004 .008 Me 046 .OW W4 0t 032 036 040 recrystallized rmateril and the wrought stress-re-

Stramn.Wia lieved material which exhibited gross plastic flo%%
'i,.t stv. 3. St-i•--,rmin rur'e for wrraluh stre.-relieved ~prior to fracture. All of the notched and i,n-mol:yitenum, notched speciiens of the wrought stress-relievod

miaterial were transverse to the rolling direction of

Thel averagr iilnueamldtical proiwrtv ,., st, rfir- the sheet. It was observed that for all of the ira-
.snhud in Tablhh V. lhe shear ;train data, pre- terial conditions trere was never sufficient plasti&
sciesl im tile table" wa- determined fromii the defornlaton, to cause an increase in the notch
ilhi,•tl4a.mir coating studiem. Ti'. strem-strain root radius for the sharply notched s9,eciimns
curves for lte nrerystalliaed and wrought stres- (K,=w.). Only for the fine grain recrystallized
relirved auterrial are hn, ,lin 4% Figur 2 and 3 re- material was there oufficient plastic strain to cause
,peviwI. Y'illtir, 2 dillustratest 9. dllramatic e,:. a slight ,icrvas.- in rot radius and slieltt dimpling
Of grain ,iza nnll Ilie' flow pr\,pertir' of recrystallizLed at the roicl. root for (K,-=.3 .7 j.
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I NFl.1 ENCE OF N1i V1I 4,11 SLAE 11 ON m-em to mtliajimi tiareffect of Mrin rate andI (ever

Si'UI'REM 4;Il PROI'FElIIES the biaxiaiity of sirres.. reawnoflig.

lThe virc4wt of strem ut 'aic1tt nation on ft,-. tiotc __________________________________

st reingila ratio naotcha tensile' !tretegtla divid.d .it lv
ulti'nte ensue striaL'iia Iu%,rnt,4I iii Figure 4. .

T he notch stretj~rth rat;- A...)i oh4erved to
increase' to at Iaaxilnin31. V.:ue it. t1jppr0X'1i1nPIte
*It,- ? andi theii tj'iet'ense with iitrems

con.entIrat ion far ter foir till g oate.ri 'i conitaitions.
T'here aire several ilaterestiiag feat~are-s about this
diagrami. It is fir"t notifred that the degree of
notch weajkening tat t hr highest stress coticentra-
tiota faictOr is not very severe. F~or at truly brittle
maaterial elti-fi. thlaory predicts that thit' N .S'.H. - a.
I K,. This behci ir hang in fact been) expert- ao'rmi DIMa. .225 mi
mnentally ohzerved for at least tvo trurtairal alloy. z0.8 a s3 DIa .5 N
(A'). It is readily seen thbat nione of that material oanDs -
conditions inves;tigated aipproacia truly b~rittle be- assiv
havior ms~ defined above. Tihis niust be explainedi 0.
by one of two reasons: (I the inaterial does not
obier the mnaximium principal stress theory (the o0I A
fracture strength is at material constant); or (2) 1 2 3 4 5 6 T 8 9 '
plaistic deformiation, either macroscopic of micro- ~ strti Concentr~tion Pactor. Xt
seopic. precedes fracture. In light of ntouch experi- FvirmE 4.Ti effet srps otuentration on the notch
mental evidence it seems- very likely that plastic slrnc a oo heet anolybdenoaaa.
deformation prior to fracture is the governing
facto~r. As nacrosvop.-~ plastir flow was not oh- Another curious effec which is observed in
served in the two larger gratin size maiterials, local Figure 4 is that almost without exception the
microscopic plastic deformation mnust occur. inateriall which showed the least ductility in the

The observation that the N.S.R. decreases wvith suatooth tensile tests tienionstrated a higher value
increasing values of Ka is readily understood from of N.S.R. for each respective value of K'. This
thc Obsrrvntion (17) that the biaxiailitv of stresses is in contrast to usual observed effect that the
at the notch root ir~creases with increasing Ka. iltore ductile material will have a higher N.S.R.
The increased biaxiality of stresses eausei a lower- for a giv-en value of &1  It should be pointed out
ing of thae sheatr stress (which is equal to half thet that the e-treniely high value of N.S.R. for the
difference of the principal stresses) and, therefore, large grained material, K,=- 193, is not thought to
plastic flow is inhibited thus the maximnuni tensile he validi. TJhis point is based on only one speci-
stress is not relieved and increased hydrostatic inen and this specinten wats observed to have a
stress. conditions promote fraeture at lo~ver applied roughened rippled s.-rhace after fracture, similar
stress levels. Struh (M~) has offered an alternative to that observed in the smiooth tensile specimen
reason for notch weakeniing. In explaiuing the oh- of thie saine grain size described earlier. Following
served increase in trantsition temperiture with the sanie reasoning it is felt that the notch strength
notched specimens, Stioli reasons that the in- value is too high1 Rnd not representative. How-
creased plastic stratin rate in the flow r,,gion at the ever, the trend of higher N.S.R. value!; for the less
root of lie notch is responsible for increasing the ductile miaterials may still be valid. This scenis
transition tentp-rature. Although the eff(.ts of difficult to believe in light of the amount if
strain rate and biaxiality or triaxiality of s~ressps evidence to the contrary. imigrain et al. (1.9)
may be equivalent, the quaantitative relationship have shown for inolybdenumt and other refracto v
betwei-n thle two and their effect on notch weaken- mietals titat the N.S.R. for a given notch geometry
ing hias not vet beein able to bo demonstrated. decreases as the mtaterial ductility is decreased
Iii the present work the method used of loading with decreasing teat temperature. WVeiss (17) has
atnd u'tloudirnr to observe tltc flow pat tern would found the saine bohatvior on several high strength
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=b.'.t ~ll It'let- suit of Ilse oluter'satin that .

N .S F tlsire-W.n wit 11 4etecrta-~e--;q fsviwidt i whether
1.Jl ow' its vrvl,ill ri~Iest t t'il~licru Iit vt osr Iint-vattilk,: .c~
'.trs.,. 6s: 1XI'llit % .tlleit'hi-'ifig K,P weti. rnmst1lulie". '~

1lif eht 1 11-11e' i I jIV I I% Asa Ii 41i'sitttt 441 11 N S K OA IH5v ~ , tr. i ;V. tillca Itsr it al sil I itt t %u
cliiingt% retiirlis , i fs licn i ie iar s a I~re itt. itium, oSf tilt,
limiited dittik pvts. Alsle inl thisi~ tlaiql is n- felt that

lsshavlor .- 'Im lie siitirievt. It itl.it) inust lie'
rt'inmi-tiitredtl hat the oisat'rial ducnilit v in liei-,~
st iitl~*W ' \ intA aiv1)'v 4chuiningim like grainl size niilu. ', -
Itheit'rtre. t ht Ise-iimitr demonsitei'rated Irert -':; v -

well rinot bes~ a rellect ion of ti.n'.ilt'eIu thictilit 's tv like %t~ --

bit'tl I Ii' rin W la sitry liiii in tw I a lrger graAtiisc ize'
mile r1itil i-; .iure~lv' i n~k V i ing paw :i lvir t role in

,ovcri-inigs thIt fitwl-re heha 1 r. 'lhn. % hen t he' '--
iiateriitl ,.ý stiflji,'iitl's entibrittletl, thle effect of-
increwzingi theit notchl slitrpsiess sotl the naiitterials 20-- -a.

-t rengi h properlt iis niaY hecolne of negligible'
ilnportant'e.//

'The notcth 'strengthliening teffec't ini the imildl notch IC i
region (K, 2) altliiugli widtlet olistrved i, riot 0_____________
well tisiterstuwst. lBecaume it ii observed oin suc-h 0 2 3 4 *
it Wide range' of mietals andi fid~ns it mnust hle con- GO^11111 .

nected wit h Ilitt part icular state of stressk- cf this Fiai x, The' affs'ct 4~ grain -iiw oni the !-we, yield
notch geociit't .r\ .VN'otrheeq and( Frsnanii (.ýIf f baviers v s.- aisd iwtch fracture 16in"s sof

hatve 1150aloobservetd the ;tainle behavior iii creep- sI-t'sua.
ruapt ure %tutithes of niotched spleciuiens onl high
teiiierattutre al~oys. It is also obste'red J.") ,Ilintt the unfailed notch ,section. Thewe sections were
round bars51h'ti~menq with thieqtaile notib gtimiet ry sulmit-qucnthy mounted andi ntetallogphivaflv
ieninonsttratle at greater niotchli sr.,ngtht'iiing effectl exantitttwd thlrou.zh the sheet this knews and a01a1n

thititl tlteet 'speiltietls. T'ilerefort', the niechanisine uno ii-mrx'atkiiw-reobservedl. The smonoth tensiile
of notch stre'igtieniiisg is miore resixonsive' too Spetiniefs were mstetallopaphirally examined
triiiial staties. ol stress thain biaxial states of stress. through the sheet thickness after tooting and only

a 'en' few ioirr'ararks were observed and thewe
EFFECT OF GHAIN SIZE ON :err itamediatel , adjac'ent to the fracture surface.

sFRFNG;TII PROPERTIES andi IUtot apparnetih occ'urred to the result of
fracture. Thew' It% cracks adjacent to the frcture

Tine effec't of grain size on the yield stress. ourfac" were found oný 'v in the 1.300" C' and 1.300'
frttetunr st: .'3 and not. h frurtt~.r e sr:- is ilus- C' annealed muatesrial and none were observed for
tratled in Figure 5. The fracture'. stress anti % irte the* 2. 1 o" C annealed material nor for the wrought
stress curve4 tire. ieen to fol~low the generally it.t's-li-vliered material. The cracks tounal in tke
observed Iine,i~ dtepm'ndence uith (grain sizeiI". notched tensile Isperoinens for al&ro ram ii, werlw
The nlotchedr fr'ts'ture sitress (from ture lowd divided I satecmondaver-% riekr resulting frcom theo fractur-

It ross sectional arent at fracture) cur'sest do not pru'ess.
slbo's% this sante dependence.. In all the tests T1e d's,.ttle-hritile transition tempera Wre -or
conduc-ted on% both no'ched and %i notched tensile temuperature ranhjet for mnol~ybenum has boon
stietintens. for all of the tnatertal conditions, no shown (21l to ho about room torwinperalive The
miewro'rnit-k.-were found which were not a reult of ductili-brittle transition temperimture ox dtter-
the t rneturr 1wrusess itself. In the tant.emi notich mined in it smooth tensile test ks 'auulrv 406M4
sporttisens which uvro, polished arid etrhed prior to mal the tetupersture at ahieh the ritdats tioei am&a
testinI.- no surface microctv. ks could be found in cusrv'e 'sersus Irs ti'mprratuzre drops. rpicill
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Tile- traiautiu'ts temaise~rstinr call ia ' reaimeld Is. il~:w.rim'v ' Tl le tim at in aielata fly goodi
iticr-awsits :role, mi'z. %ternums rate. ','a'ratatiai u..u. k'er~e-etnit %fill tlhe vaive~ ohitaan..ul hy Johnvoli
fel# sill 6%t Iinsthitrimdi4ii t'la'.aml .-C *:,aIaaii %lair%. I 1;:, 41: osiisrnitdhitott of appeinziaiat#4w the same
'it strep.. I holrasia elt no.- 1.1m 41 ~e:40s.11 that ;etarit , .14hItiliiei Ovlstatilede ft aluri, of 0. -, 5.3kg tie-
Ili*. gra~tmitii Iriolverat tire' oi iti ii'ram rvirer..%taml- *uuill 1., 4; 111 III' dynvtw Col'i.
Iiiti aed 11114 gii.IN. * %..-1111 ho F .11Im fni al"14.t 1040 gta, le itiril'l, 4o i th..ar *m of brittle fracture.

tam 14 12.7 4' %%ill a .t a %%fitll K, .1 Flier iltaI i.-Ihr:itit I rarmitaun cfhrrimoini .1. drived oil
'I ~tgl! ai ia-raIs'iIN l klelu~ttimi %'ii i~tttli.*v ljuit,%m ui .h ia rat her tihan tcenmaralture. .1r

otb-4-mr 1-1 ti ll miaren-'d lit I rmtliol -1.s. t.'im, ,, rilmfr.......... sowlii rI liozr ti~ ,,..
Iflilit aw. at I.,' C 14- is' I ' ivr thei, l . 11404114 tillli~s .mk fornaatidiin 14t ga%.*. by thle reation in E~qtt.
Iil.,a4t1t14111 Tlei 1144 Val rtVeli cramu -ire' umataealm aM Iit'l f 4 ý.A-d 40l , wlmeri d ao s arw~iteant

!Il-& li * -I-m,mtrataat W7a r.'duatuirli fin art-m, fair saiijupa' ttinasolt. 2 Pic torvvion armd approxi.
::..' ,ll et a'aia-oerel fqintht (tir thivem. 0,iata-1' % ½ for tll-' palastically rollitrailled zone of

Sem-t %h. iicli aere~n au .at ir!m a Iut r. hail tena p.**at aurv. a~ tii.hta. m. rn II. %he*arlc inotulu'. anti A is tht'
tile- %.riaaaah sirte-inr-Imaevedu iiamte'rai aast tegii.aI ollaret-tie' .4rfac', .ant'rr for fre-eiture. W.hen th
4urigtly above. ow t~.taiaii-iltitt temiiatrat air. atal t ile 14-tw hand id o~aa..f Kliaationt (41 xie.rdi~ti the right
itaaw~taii~i utlme aterlud it*. a I e''etl '41ighl vi !veliiw hatial -odae' hrit tia latcliaor 1,4 exim-'e'eeI as the. yild
Owe tranlsilt' io isctaprutliar. *trrm mat nmore t[fare sufficient to rate. thle crack

Mocre' iia~litirtatlut thew th IIn girr'i...' tranitiatitai ita I,~nlV jinto a vaituiapiete fraa'turr. W'hen the,
utaler - .~a!,ic .h eut ~te V. i. r. lllmii' att le-ft liand0. I .ad ýtitmile utr thtan tile' right h~and~ mtae,

iq t ile kistanl~ed oif III,- aavilaaaa elf pt1,&%tl fl ow ilueti Imula-lia'ior r.4 o~pirw-iril. Thle. fracture
lithict pr'ectaaede fruatatwre. Fsitim till str,*a-strsin *ttrr-e'a*-4 are ci"., olerl..'riit fi ntt the. inverse squar-
ciIFivis It it4 -trellt flinit aell af thme Sililinat I tensale. rimit lea Fronm the. inte~r,,e4taion of thke fracture
SperiikeMIS fruritairel Iveyontl the vielal %tre*%t with .tr't4At ctirli' v ::l tier lower virid streiscuruve. the.

"Ii lg i!'emints of .4train hiardenintg anal total tranatition raini hiane~te~r is found to he O.2V)
itrallk tao fracture.. Thaerefoare.. none. of! lte miale- littule whic-h is Pimt isigtmtli larger than the leirgest
riael eetnditiswtA tM- 1at.ffsirfliajV. brittle. *tsitah that gramin *tie aatoile in thiee study. Thus. accrdning to
miirti-nraa-La are. fortierl umauat~anetsualy sit h plas- thi. grates wtir transition criterion Al of the speri-
tic flIw at tile Isppor Viu'hl litslat. as fitraiimel lmy itiati-t ir.!mVl are on the duc-tilsicdec! the traaition
Weimmeel i.1.1 it! I v'ae'4. 1:msmtll for HCC attetls point Eq~uation (4) therefifore. providhes a means
P.~iihitmng brittle. behav-ior. ijkewise ne~ither. are for rattinating the. effecttive. surfa~e Poeurgy (X
tile fine Vrainerd or mrought stiw.-mMrv.4e'.. condi for' clreava-e. crack initiation. tlsine 0- 1. Pa,
tantis smaflh.'tentiv ducile~t as to !atd in af duetilt. 12 2-.L Itke flint,. *.t- tIOS ke'trmm'. k,-3.OX t0'
fhlbwus Imanae~r Thule. the typ o( fracture interk- tivnrera-m'. antl 21 0.2St0 men. wel obtaint
cnaivii cdeffirilwdt b-,- Pe.:eh (131 in which nonprop- ). 24 !ll rtiartit This econpamm with ralutems
miaiatl.g Iluteturrarka art joined Ii' plastic tesritC. of R.O00 errg' aotn f~tlifnatc by VottrAl (24) itnot

!vouiga fracture. of fibolattaclstnrh raear which UAWx e~rpgrm, Militiateda by Jobhassai up. The.
47011taillS aSMa. rle~a'ietge facets. is flnot Applilra~r thea'retic-ai surface te~netio of molybdeinun has
;.u- thriw to-tti The. fracttur's .a-erumrng in thewe lan calcuilate~d h , Taylor (ito be, 2.20O eirs"
sasiipletv are. thuls penabIr b-st rarrl's-lperl as aloe a-an; threrfora'. appat-otrliv te. t'Ee-rive surface
tile' deatav ever vief~t atlUCtiI'l riesrage fractur.' e~norrt -.'r a-mrk initiatioin in mtokbitnleeum.
Thus. it is oif inte~rval to analyze thý- perler'.t ac-cording to the above aleii.nofl. is retry cloa. to
results me. light of C otin-1l's ?j tibory -a l" ai.av the. truer at lace tension. It shouald be. eaitionetal
fracu-tre. that the. (atitrri grain ease trunallvtioem criterio

In minalyzing !he snmooh tensle leo ta'! ikta, it calt is de~rs'aa' frasa a i'weumi-l whic-h stat"s that a
he. at'e. frua-. Figure' 5 that tive. lour ' irU stretim A-ia'.iat, -rack is fornuisl mit in a grain by the
to!IOUa tile Mralcsa eationsshap of lI'mli s45) )urection of twVo Mtee.ew'v.4 li ap planes All 434

that v. -e.,- k.4 I quatiomn lli It. I h.o eaita- thse fracurrins in tibs mud * v u-eri' obar'rv'a to
twn es zod ear anslicer strumis ie tt tive. tensile Initiate' of grain hoimnalaeri tbetirlore. thes
.r-i .'u ari and id rtoeqal to thse half grain tialat-ete~r .-mterimona , vtar n be. Appl Iicale for th~s tewsts
V! list. latm tn FWgUMs 1 err p611ot ti ; mmag Sh1rier It 4waeild Genhe me'anntioned~ that CottrwUl prettlicta
mirrien.'e andl the. half Crans claanetet tlse foaona-me lhthaon the Abi-1.- lasci of the ti'anxitl" paint

Irrtke' ma -tL 104i) I s u r tr-a vrotlmr-e inery i



16,11 aicme ItII!, tohih vsri 'iaiolaim'. hals-o if, grains ,as., l ~it, Aeimtonstrated that teils wia-
e.4 me 4i 'I .1 0i Thi' . lirrmelS t.'~I frnim thle r %In-ermcmmm.-, tal I- tihe came for a low cacrbonm steel-
oflii.ct ml. --leam. AS: -(rem tiers, v. lbpa-maii itto-t Site 1 I95" C Thmumi. if lite crac'k Ifg't io r

I% amme'intim equial tietI,, Kls-pin wa dec time (iriYft :.

.*F4 II,~ flonormw aim re'Iatmrn for sepon ItanemouscL mruak p-opaga-
k. lioni , epad' = 'cillmitetat, Steil 111114 P' ii a intoemet.i-Il

4,loniitenlat for a jg1'eit e m-1 tm',t 1-4 onditittog. This~

It call Iss .0.11 Iiii Im,:£ tha;,t aiii im :i1t 1 thei, rselami -thmii p "iwi~ mie 1ro,I;ct-i t hose I ifi fract ;re' strem'
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rue ~Fronetc F higuea 51 1. Nppe~ai' thmit t he- Hat ion

L c, I. .14"i 'e~.e~i 1t~r~ iiIo htmm. e -- 041.1.u,.t is~ u~ttAhlnI * owrve' . if we-
I-. t hat else 4 'tit t rull , eri -' erm lict - that oliee 16 e114 C=11 mitt! (role! Eoiuatioe t'e e

1
6 ' td41 t1011 till'
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tmcmnwntks emr~Imimimif Ita. *mge~'-teu timer.- Imil ' m'il'tr am' i-mmtnito ciac'te rit. IS .i pt V amimio

iit' ta- m'rvt ulletim th tml% that liusi iii.h sa U' e
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fnoti il)lbrniN tit -te l, t i ts % til lk .-- get rra uinal t i tt le& thmem stic' uAlee s o grin theinii et tion IA U
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damtea Na le .Itm'eirt. lea.E therte lieý-rn mietliupos- experr- mele' e'ffc'tive surface' eirt~y for eriek initiateihn
mini-mital %eriulrctiocn of ltehin' litte.aie'ue raoage' Iratrilre This ineiitatiea Iia:~ the re-sstanec' to crack
re-latmea-eJip. e'.prrt-maIc in F'aleiaticin 1A1, tohei.!t Ifinhtugatbolei I% greate'r thant the v-eimsniere to
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moire' trortectiy aperarti lithatii. III,ijt t Its plecetnlytirally polished antit chientcail eite'hed
crark propagaitioni is aimiti lis-%II' Ii - -vihe rei'itnt priow too testiig. Pismotoanicroffn pie- at 100 x were
micet ito trark initiatsimi for rt4cr * .atnliizedt kttolvl,.. taki-ti ef all notched reigions prior to anti after
delelti at iiirtattn tt'nilmra-mi~,r ut' eThi. ,..rv.:oie i i teisi lo- teating. Tile results of thins portiont P.
lust , It.. eff~wie tu-Nev vianet rq.:it!. fur fr~avt tr. .,r. 111.. !1 t-Stigatit'lla lr~vftleciha Ito 14 anamble. Pilutif
so) ,tivrl Y otitatalto tilt- ntri~al- ti'aire tension, jiirei- tjeforiumiteioa I- ok place prior to fracture for &i13
tt.5I hl iet t' rq.tttew"lto. trts of tilt- miittriiil condlitiouns with tt. h area

nlhid ed 11116I14I1l1111111 atlou I vx.lp ht i erv' lose Intotc., (K, x.31- As iloa tilze finti grain'd1
viwrgý fra4wtilurv% i.cvr %. tAhlizetl meaterial said the wwioglit qtr-,.-

It 111t its let. roit. ed out thlit P' at tlie G riffih- Ii .".-V elf maten ria t -1 in cIlk-ervi-il to unde~rgo over
OIman equtation is~ a aitaterial tion.4taat fOr aunimm 511 ;xtrti'ta redutction in area inl the unatotchtoi
lat~riolus crack lnpmn.,atrhiai onl% for a L2iren set olf tviisile test, thisc ihlustrnttsi tile extreutae effer~tive-

tes.t ct"'Ieit iola ztat 1c1itiles Inot htave $111'. gelerauIes att',~ a tuitcht inl restricting plasti7 Blow prior to
MatttitIiiCI '~ A4e 'A as I!Oilr2i~tltll 41% ItV lj j' fracdlIture titt wttl peitn ithi a 0.030
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itill. therrefore. reflo-, tilt ratio) oft titumher 41f I! 'alts tmilte thlit thee gretate-st amtounit of plastic'
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nhttO a111d 1t15Itus Vllt thetau.o P Wfulci Ite rX144.'ted netiota It utts nlso obser~rd tlcat the fracture-
tl c-hattg. Th ;in' )Io f -sheare tot c'lerj idr ri-.s- origivetmtit at tile lbottotit of the no0tel root ill ltar

talliti- would also lie expecte~d to is' N.tniaagI% region cof least plastic Blow. ADl of the fracturft
dejendenrti oat grainit ilt asI the y-Pain Imt.)!ttdaflt it, tiltre-rt ali qhspcrcazan; ;ývcrpt one werte

act a!4 Atrne learniem' in the- torpmince~t.. I!, ~ ' t xr; hounlazrjt.te Tite
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The- sisi!' in cricotat cat o the crack frnut grein 't, thr crack opprarml't otrasionahlly to he inter-
r~inai is a~e. rvachi'% nhiacried lre ~A vorie *'h .l rautlar tirott doner rxiiawination it could be
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Irncriure ort-tv' ;he Statc of Strroam and *train 4W at a Very high t--i..ttg rate- antid taotiou petturese
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shear straidris on the stirfitev of ,.ivie ~~et' iiim ll i'al,ouu 0 percent shear strain. The obtervatioio
delet'teiiiitidi'clrIctIl' frotil t lie isoc~rlimmititc friinge thatl thle greatest amiount of yielding e-manateff
pail erts. Ail isiwiotuiuiut u1tc is it flne of cor'staint. and proceeds away fromni te minimnumaia totela se-c
volor or linie of constantt imaigii i~tid or slicatr sir-iiui tioti explains the plaistic flow behavior in fla.c
(y)), where'~* . 14 nrn. u ~n hev' tlatnleti notch spcimen (Kn-3.7), where th ý
wihen the sjwcimeiatu is unloai el are thus tOwt greatest ainioi: t of plastic flow oecurred awav.
icesidliial or ahtistie' sheara straitns oceurriing in tla.- fromnthde notchi root hot tom;. meL flow~ paitt-rhi

i rltad Te linear sir: i opt icail re'sponise of tite just prior to fracture for two of the wrought
Aliistic uisedi it) this Sttldv wits aijproximiiteiv 3 strms-relieved spccimiens is shown in Figures 7 (r':
pe'rcent straiti. Thus, for 'tcformitatiotiF larger an~d (di). Figure 7(c) shiows the yield region For

!n3 trm.: .';is technaique is no longer validl. K,==3.7, whert a./vUN.rT=O.995. We see thai,
lii several ca-ies it wits found thtat lthe plastic Yielding has now proceedled across the entire sec-
bomied'I to thie spi-citnen catte off just prior to tion ex-cept in the center along the notch waist.
frawtiitre withouit crack'ng anid it wits ob~servedh in whtere the strain is app~roximiately 0.15 percent.
aill casses ainit the( plastic exhiblitedI 0 percomn Trile plaistic shecar strain at thle notch root is nov
residmal strain; therefore, ini till of these studies 1.5 percent. Thle yield region for K,= 1.93. when
tile plastic straujias observed were due14 only to a.ulux.r.s.~=O.994 i6 shown in (d). Here we see
plastic response in the meital. The mangnitude of that plastic flow has extendedi across the entire
Alacar striafrech:ig-a e eei~ndb notchl waist, alt hough the greatest amount of

knowing thell straini-optical coefieient of the plastic yielding still orccurs away fronm the notch waist.
anld thle plastic thickness. For thiese' sttidties tile We aliso notice that the enclave area nearest the
slietir straiun per fringe wits 2,960 inicroinch per notch is now iiore circulair in shape and not as
inich., or very nearly 0.3 percent strain. The pinched as it wats bor lthe sharper notch. Thoit
strain correction factor for the reinforcing effect of yielding procreded across lthe entire notch waist.
tie( coaltinig wats eailcuhkted to be 1.008 and wats for thie mild notch but not for the sharper notch
therefore, nieglected. The isoclinics were also is indicattive of the lower degree of stress biaxiality
de(te'rminedI. An isoclinic is the locus of pointis for the( mild notch.
alotig which the( prhircipal stresses have parallel nhe extent of deformation just prior to and after
directiotns. Zasndmana (8,q) has presented it) dletatil frartutre for the sharpes.t notch M=~8.3) is shownt
the priiaciples of phiotoelastic coatings. A coms- in Figure 8. Photographs (a) and (b) were taken
pariqon of techniques such as phiotoelastic coatings, for specimen 18-131 (recrystallized at 18000 C) at
etching, asnd brittlc coatings, usedl to detect 4,./Ox~rs=O.965, and after fracture. Here we see
Lueders' lines in miild steel hit- been made by that the high hiaxiality of stresses has extremnely
Durelli, et al. (35). limited the dlegree of plastic flow prior to fracture.

Thae nature of yielding in the various notch Yielding occurs now only in the immediate vicinity
tensile specimen'is is shown by thle isebromian ie of the notch. The photographi in (b) shows that
fringe patterns in Figures 7 and $3. With thel slightly miore yielding occurred prior to fracture
excep~tion of tile straitn pattern in Figure 7(a) all but that the( center portion of the specimen Lm
of the fringe patterns illustrate p~laistic strain esentially mtill elastic, after the crack has passed.
regions (zero load1). These plastic flow regions This illustrates rather viviuly that, by far the
have been tniued enclaves by Allen and(1Soutliwell largest amotunt of energy expended in a ductile
(7). lit Figure 7(t) and Figure 7(b) the differe'nce cleavage fracture is associated with plastic flow
!Ie'ween tll,- total (elastie a~nd plastic) shear strain prior to fracture initiation and that. little deformia-
hitch thie plit-tie shear strain is showni, for the tion occurs dluring lthe propagation of the crack.
wrmughi -4tress-relieved mmeianal, anmi K,=3.7. The soeia Itehavoir is observed in (r) anti (d) for
Thim photograph wnas taken when dlie nominal s~pecimien 13-112 (recrystslizted at 1,300 C). The
stress in glite notch; %ecton (e.) wass equal to 9A 7 y~eltding shown in (e) WOO. ait ff.Ivm.rs.inO.OO-
petrceei of Olte I-!O94il tre'Iqihi Otre'nth i ) Again we see t hat platst ic flow~ is very l1oralized buti
Figure 7(b~) illimstroktes thatt yielding proreeds more yielding did occur before fracture as seen it
awn... front a ie miteit tit am eangle of 450 front thie (d). We also, notice that lthe specimen was tunder
horizonatal and doei not procecd wsroms 111i. mini. it sm ll alI-ega of evvet'gtric loadling; however, the
no111n n10tch HNNiq The blacik regioni it, life renter fracture i% seen to initiate at the rnotelt which
of tIit(. sijeif.mii iiiiitiuelictas ol thim section lists underwent the least anoiutt of plastie flow. Thig
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iii Total shiear 'it rtir. K,-3.7..~i P.k ihiX. W_37

fw i'Itetir ?4tia'r 'itrafin Ke-3.7. (d) P'lastic sheairmsrain, K,." 1.113.

Fie.,ity,~ 7, I-m-f'lrnnsitalie !rtisteoe for wrouigit 'it r"'Ai'ire'Ipr 41 inateriitl. 2X.

semv w~it- fill he ' voleyntie n4se'rv'el in trniv'i tar nimneat111led uatttriad tiold .1 percentt elongaition. we.
q ill dif ti w tim itv Dimc iti cevi imi. Thie' 4mcr'k i''etm v'an t-pt e 1m1 ilueiacs !ty vivtsti'tredi uniter z. uninxial
4-111 i#ifucet cl:r Iritt owic if-rt liehitidttet ii- i 'h ectirt't' ill mia I or -trc'*4 litii little %-or noi lW~itealt Ott Iltl'
:Ice innSl I zlig 411t1 't y n tint 1o itllce 'thet 11,11. CI Dcilift ttI'itt duvt i1it v ohse'r edu prior it, rmtneun. ume'itude it bnxi~ti

*v 1111#l "Ill wit it (tin iii'cI 11l we' Fie'e hail thir.' i, -tii' of strc',.4.
%TY'' tile'i iliat-re.'s.' iiz, owt nttatt t nr 1lnii ii'. now The %t rtiiii-lsnrlenhing .'xpontent (if) wut.4 deter-
prifr I,, rr,'e mtc' t iri' wo. 'ivi' i o'' i liiii lie'I,:mwt c mtilledl for I Itt 1.31111" ( ' nuite'ulesl nitnts'riad ands t hr
11m1#lievt' mi'e i -ria l e'iju IibijtmIci .17 51wrie'en e'lfngitpationt wtrttightt .s'elerv i'ti'v.eil nstde'risd .tiwe'~n%
tIelmi Ow ene It I e'i'ejte Ifs 1e' 14 intut 11ai Ihte' *1.81M, V i~wilstiveie'st 'itrmitt prioer if, rnu't ire' tel ttei''rntiiwus 14
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a1 Annealed~i - ,~%I)tJ0 C. jil.? prior to frcue AntmMA a r

#I'F A ,,uInIlied- t.3110p V. J1wit porior titfo trewi u. (dI) 1Agmjj le.qj.~3IW C. fratiturp.
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strain. The restitat Obtained fromi thesto ploits ore notch root corresponds closely with the 6.2 percent
sh~own below, offset yield stress in tfie smooth~ tensile test. It

ll'ruglt 418A- can be shown from elasticity theory that tj at r.
I.3(iI) ('n ned rU~'erlfree surface is its follows:

i:0. 160) 0,(057
Kr, 103,000 ps;i K-138,000 psi L171 Eq. (7)

6 l oand =i~ i4if lion.% lolld=i,.6661+ri

It --~atb lw sH-vgn thait thle true strain tit tile maxi- where v is Poisson's ratio. If Pi is amuimed equal
"'tit"z lowd )Imillt is equial to it. Th'lereffore, at test of to 0.5 in thle plastic range we see that. e1=O.003/
till' 1iii4l&'ji.y' (if the actual stress-strain response I..-=0.002 or 0.2 percent strain at the frece iurface
for t he J:s'rtic. 'ar sinateritil is to comipare the values of thle potch root. Thus as defined yielding at
of ? Wt wii 8 tit tite Ilina~ii~inint load. It can be seen the notch root surface is similiar to tbe common
frmii Ilie' dat a above hint tile value's rt-re inl rieason- 0.2 percent offset technique used for uniaxial
abl 'y grood iqgrcetrlwnet. Thel( values of n tire thus in tension. The estimated accuracy of the niutch
zlirreeileiit w~it i, tit( (fllaitativ. infrormation froin yield stress vuluet; presented in the tables is ± 1,500
the stress-strain elirve, whiech indicaitedl that thle ps. Tw~o interesting observations are made.
reerrcstalliz/e(I inale: ju stratin-hardened inuch inore The data indicate that for a given materisal con-
readilyi than the wrought stress-relieved material. dition, yielding at the notch root occurs at the
The sliirohidlrdness datat in Table I I ailso indicates same nominal stress level irrespective of K,.
I.Jat little or iio stritin.'hariening occurs inl (ie, Secondly, this stress level corresponds reasonably
w'.rough-,It stress-relieved material. well with the ;ield stress in the unnotched speci-

The shear strain ait the notch root tit fracture mens. Thus it appears thatt the material at the
was; ralculated froim the isoehroniatic data and is notch root is ignoring the effect of the stress
presentedil is Tables ill, IV and V. These tire concentration factor. From elastic considerations
vallues, of plastic shear strain observed just prior it is expected and usually assumed that plnstic
to fracture. Ini cases where the plastic strain deformation begins at the root of the notch when
pattern was, niot observed near tite fracture load no the nominal stress level is equal to the yield stress
data tire presented. Although the (ioat are limited of the unnotched material divided by the theoreti-
it is apparent that the plastic strain at the root of cal stress concentration factor (,u..K)
fthe niotch just prior to fracture dlecreases shiarply This we see was not 'Sound to be true experi-
with incre.asing stress concentration factor. This mentally. Tihus it appears that the material
is indicative of iocreasing biaxiality at the notch surrounding the notch root region is very effec-
root with incre-ising stress concentration factor. tively constraining this region and not alowing

Thle notchi yield strength values presented in it to behave in a uniaxial manner. It may be
Ta;boes ITT, 1V and V require some explatnation argued that if a very small strain gage were placed
andl analysis. These values were obtained by in the notch root to measure e. directly on the
determining thie nominal stress in (lhe notch sec- notch surface rather than on the surface of the
tion, when yielding was first observed at the root. sheet, results closer to those predicted by the
of th-e notch. Yielding ait the rcot of thle notch ;i, zheo-yr. y b- otie.Ti myb ae
deimied here its- occurring wheni tile plastic shear however, the yielding or an infinitely thin surface
strain tit the notch root is equal to 0.3 percent layer of material would have very little effect on
(the first frimge). This is, of course, not the the flow bel-avior of a structure of the size used
yield stress or yield point load as defined by Hlill in this inevstigation.
(36) anid others its the load when fthe plastic It was mentioned previously that the yield puint
('neheives have just proceeded ocros-4 tile entire load in notwhed specimens is usually defncdl as the
notch secit io. This yield stress will [)I discussed load tit which yielding jtInt. Cxtet~ds acioset the
inl niore deitail litter. D~efining initial yielding ias entire nlotc'h section. Allen' and Southwell (7)
(iceurrinig wheiui t.:3 percent strain is reaichied stit ha~ve performied an e'lastic-plastic stNSS onalysis.
the notch root has severtil idvsi~tiAgea Firmi of ussing a relaxation technique, and have predicted
till fthe first fringeo which iii equal (ii (!:I percent the( yield point load for a non-strain-hardening
shear stroi', is very neuact'ilely onsd readily deter- niaterlal for vi semti-circular and at V-notch of
minled. Seconidly, 0.3 pereown shear strlthi tit thle 110 percent notch depth for both tile ewe of plaine

210

otAv"'Tht!Jo Copy



s.t'aiiutoald platne streso. It is of interc t to COMt- above, it was seen that. for both the wrought
ptirte d ie Yield point loadls pre(IiEted !jy Allen anrd stress-relieved muntiritil anti the rcryt'stallize'd
Sout hwell ftor tlhe platne -st ress r'am- withI those mallterial that the mIInII constraint. factor %us about
4'xlariiitefiI allY de;1ent: ineel ill this study. lIThis 1. 1. This low plastic constraint factor is indics-
i('(1111 rtdI'l(II1.l; shiown below. live of the obsrver~d lielza~ br tioat vt~rv Iittku

.l~vif,*rivgl Jlist if flow ot :urred prior to clcttvage fracture
$"vii-rr~'aI:r .tlii~ l ~iiih~~l ~We saw that, lte sharp notch specimens fractured

K, m.to:; Wr'i .tht S. It -Y bejlxfore Lthe v'ield point load was reached, and that
K, 1.!E .Arliak':al4d- i,1 C:o 1. 13 ill (lhe imost' durtile notch fractures onvy about 2.5

V-r~~ t'hAR.II., Ll and t. 2_1 ~ percent strain was observed at. the 'notch root.
K, :; 7- W.iiighi-l 04 .1Ot

K, 37, nneaed ,3MC I It will he shown litter that the plastic constraint
facitor in the( i'ield region at. the root of the notch

Compjarisons (.1i111.Ot, hei mantle for tile sharp (.a1t Ile abtout 'twice as large as this mean constraint
notch (K.' S-3 i s the *yield poiiit load wtas neve(r factor in (lie notch section.
i'ei'ltetl.e Tlhet ehist ie-plastif- stress imnalysis is. WVhile seves'al investigators have atpplied ill.
'Cee to predir't an itn'rvasv inl ie( irpphevil nomiinal c'liviiri artal'sis to lhe statec of stress antid stratin at
stress (or.) tit lie( yield point as the rioleli sharput'ss the root of it ritch or thle tip of a crack iniefion~;u,

15 iit'eastl.'flt' hitit ry. - )OtIt liewroght very lit tle hass beent dote tin the way of ant elastic-
stress-relieved intiteriail and the annealed mtaterial. phist iv stress amtatlysis. 'rhe principal exception to
however, shlow that, the noteched to uIlinotched t his is the cxtehm.;ive aalylisis of Allent anti South-
vield sirtess rat io is aippa on tl Is onstant, rvl,,jrdle9,. .11l (7) who havc applied anl elastic-n lastic anily-
of tile ntotc'h sharttpness. ft is ailso nlotic-ed that. sis to the prob~lemns et V-tiotchtee attid semicircular
alt hough t he anneailed iiiatet'ial strain hardened noceteiielirudr otiitiofbhple
quite readily it dloes itot .4eetn to invalidate tiel ht ai lute srs.Tie relaxiahIion procedure.,
Vomnparison evyen though the theory was predictedl ue , l 1 aat ntteihv enetne
for it non-strain-hiardening- materiail. The oh- to the case of fitl externally ern-ekcd tensile bar
servait ion that the yield point st ress in tile notcher nuhbjecteE! tn plane st rain by Jacobys (8). Recently.
specitumens wats higher thtan the vield stress ini thi- Stimupson find Eation (6) hiave applied an elasti-c-
tinnot('hed peimn is exle by tile fact thtit~ plativsor. -...c the ease of tin externaIE3
the contraction in sheet thickness whieh ordinari!y cracked tensile npcie *ne ln tescni
accompanies af uniform axial extension is restricted l ions. The plastic enclaves detentinied experi-

byte age ~j~lingblko esntal eati mientally in this study allow a comparison to be
miaterial in the notch region. Tlhis produ!ces a nItade with tile thleoretia* eut rmteeatc
transverse tensile stress whichi in turn reduc~es tife plastic analysis by Allen andi Southwell and
nieeessairy shear 9tress for yielding andi thus the Sipo n ao.Terslsaecmae
nominal axtial stress must be increased. Ini Otis for the wtought stress-iclieved material witle
connection, Orowan (37) half tlefinctl a notch or K1=3.7. It. was shown before that the wrought
''plastic constraint, factor.'' Ile dlefines thle Meatn stressdrlee naqil savr odapoi
constraint factor its bcing equal to tfe ratio of the Illation to at toti-strainl-har'lening, material which
nomtinanl stress in the notch section ait the yield is fil assumptions used im lthe elastic-Cplastic analysis.
point to thu( uninxiail *yield stress. fie diefines thit' The expv.ritnentil enclaves dhetermined in this
mtximiutitli conistnatint factor as the ratio of the study aire shown in Figure 9.
higes alef itlinoth ciottte 'rhe' yielding is shnwn to pr*F~rms away from the

uniaxial viudl stress. Orowan has ealculated niotcht root its t he nominal stress in the notch see-
thlitt ti-'e niaxtitiuti constrainit factor of ain ideally '1 ionl (a.) is increased. Tile enclaves are shown
phumis nif'hiterial is about 3.3I, afind the macanil (1011i- 1111inievisi ucino ieothdiha
straint fitetni' about 2.0. nie mfaxintium, as well qtntttie~ t unto fteothda ha
ail the mean, conttatinitt factor for the two. tes tf) as in thie elastic-plastic analysis, like
dimensional ideaml nioteli in ailt idleally pilastic solidi ocltahedral shtear limitation of lthe v'on NMisc..
"~'US I',llt'vmlit Od to lie 2.5i7. Thum, ito notch or It- , eky theory is chmosen an lthe yirld eriterion.
n'rack (-im, froint plastic constraint., raime tile tensile 'This eritIerion ntfimIitn ht yieldiitg first occurs when
st r-4p itovi' 2.57 or 3i.3 (oijaproxinmintel *y :1) timien tilny 'ombntniifton of thle princ'ipatl strew.es reaches a
tit,- unmxi,imtl Yield " reos F~romm I ho, " hiL presqentedl 'rhtheal ('otislantit) v'allie.
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2..1 T oct J 4 o

03 2.30 Toct

4= 2.36 roct

I I'/

/ • I-2

4' 03 I n;ti It Sequenice of plastic ear'.-.-z- (plane stlrca).
S,.rack is 150" through width (Ref. 6C.

x d :r.¢,)='. (, -a.:) -- (a-o3):--s- (r3-,)' fEq. (8)
I7 111Simple tcnsionI ..,=i2/3ua, or Tr,=0.4Edlrw.

FI.-it: !l. Se.inn l(,, of pltsti" encrlav,es for wroughi here o1 is thi yield stress. The theoreical plastic
..irt.--reli.vv.d m:ateri:al .2'0; notch depth. K, -3.7. enclaves tire shown in Figures i0 and 11. Tht en-

claves tre shown for one quadnint of the notched
section and the Y axis is the tensile direction.
Figure 10 slhows the sequence of plastic yielding
for the 900 v-nolch of Allcii and Southwell and the

t Y crack notch specimnen of Stinipson and Eaton is
I-hown ill Figure 11. Both qualitatively and

t I qusmatitatively there appears to be good agree-
I nient. The experinmentally detennined enclave-.

uj" 2.50 Toot I however, appear -o be more pinched along the
T 22 oct r notch waist than those predicted for the v-nstch.

r It is also observed that they climb back along the
notch side which was uol predicted for the

I V-notch. A quantitative comparison of the
; / eeclave areas as a function of applied stre.s of

Allen and Southivell and Stimpson and Eaton has
re,,,en 1v been made by Williams (9). 14--s com-
parisoti aloaig with tle experimental results of

I this study are shownn inl Figure. 12. IThe enclave
I area per quadrimt, where, d is the notch width,
I is shown wqs a function of the ratio a.ir.,,. The

agreement between tihe experinental mind the
Itheoroical elastic-plastic results is scet to he

-" very good. I1 was stated previously that r,,,=
€2/,! r. .in simple tension,, or

F1,,. lit. Ill. qe' Itl,',.flTll-i.l h" fo t'i'illiv,,, tI'Idi 'I. ,, Ihit.s we see,, ill Figure 12 ltlh t when Ithe nominal
.pill; Ime• . (l, MItO. 71. lt re". in the ,moidh iscrion INecouie-A equal to tI1.
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A elamiic-plastic interfare shown (or tile 1.8000 V~
anneatled material in Figure 8(a) shoultl be aboutI2cu, .. , or somewhat less ,than filie 2.3; value for ilie

0 '. %. ~6 JJcracked specimen. 'Ihle value or the sb.pa straits
to casuse lii,- plAstic' constraint is about 0.:; pczccn..(

N ~~ P'l'lwN 4J-T h enclave m'iown in Figures 7(b) fG.- !he wrought
X 03LA*.L 5 tks Tml WR stress-relieved Material, which is e3 in Figure ED, is

pecrhcaps ithelter comparison with the c.- enclave
ill lice cracked specimen in Figure ! 1. Thereforu.

I thep r~itio of the ax iial stress to the uniaxial yieldl
- jJstre.-37 should~be ab)out 2.3 at this elastic-plasiti'-

H interface. We dcmnonstrPtied earlier that the mean
II11 -dsi constraint. factor for K,=3.7 was about L1.1

'I'hnlst, we see* that while the meacio piustic constraint
5 I fa('tor van he (juit(. low, that in the flow region L-.

thec root of the netehi the plas~tic constraint factor
4 can be considerably higher, and as was shown for

thle sharp notch tile matgnitude of thie strain neces-
%arv. to raise the sjixil sireqs to abouti 26, i, quite

3 rbII Tis obs-ervation is quite important its it
illusti ates that only a ineall amiount or strain is
niecesstiry to eause it citiisidcrab~e increase in the

will 01) sress ait the tip of a notch or crack, wbich
I will oviously play an important role in the frac-

/ ture initiation process, when cracks initiate hyr
______/ ____ cleavage. Truis maximum plastic constraint factor

__________ ___Ilk would he expected to he larger andl closer to
oe'owan's value orf:; for a triaxial stress condition.

1).' 20 I0t1 is interesting to note here tfiat these experi-
neentaI observationq were realized earlier by Cot-

Fit.;il I,1. C ree;.ari-mioeef theor.'tiert:mel nie'xp.rieulilt II d trell. T t was Orowan 's maxiinumr. plastic constraint
e'uee'lamv. er.':i- vm'r''- eeomuirmle st re'- ini note'1: ýerflain. fanctor which providled the basis for Cottrell's value

of ji equal approximately to 10 its his ductile-brittle
smeoot h teniisle' stress, there is4 it rapid inceretse' transition criterion expressed in Equation (4).
ill thme aimlouil of yieldinig. Cot trell stated that the localized plastic strain

'I'lle %If; 1%nt 01te 11t141 haifl s ,ell- 1..nslaw needed to raise thee ten-ilt stress by a i'tewn of .1 iq
that thie aiali stres in the notch se.,iion increased small and or tile same order as theC elastic strain.
fromn 0:c ;art cl' he noti-h to a inaxilnein value, at lie thus applivil th'e pl-stic copstriiint ar-,nmenti
(lie elastic-plastic ii-.tcrfaýc. equal to tibout 2.3 nn it microscopic scale and( in thle derivation of
times4 the uninxial -vietd stress. Th'lus, the manxi- Equation (4) stated that thie znieromapie te'rsile
mutue plasiac cons~rititt facetor in thll, vield rrgion istressa acting cii die two intersecting sl'ip pameis
tit the crack tip is 2.3. Tlhis calculatiorn was niuade will be increased 1), thee factor .1 or equivaleittly
for it value' o filte nomninal stress equal to 2.16 Y.,, change id "o '13.
or u. -- 1.02 a, . . nwhi v.me,, i or fthe yield region for A' least two investigntors have aplplied elastie.
this viilew is shown in Figure hI ais a,. Tlids yield plastic stress analYsis sol-tions to lthe problem oft
n.'giore is quite simiilar to filie yield region int Figure frac'ture' initiation in eviindreeal notched ten-tile
swn for A7, s.3. For filie yiu'lel Ieg~oce showti if) hilr-A. Il,.eirekdniL. Wim-d, and (Clark (3.9 his, e'
Figtire S(n) thIe v'alue orf lie nominal wr iss in tflie aeppliede Allet aend Souiithwe'hl's plane'sirainl alalysis
notch -ection is 2.3 r~,',,0 ' 0.03 a,,,. . Thlese' in st malying frnt ars mu iniation in roundu notch' wl

efigure's indir'ate that it is rensiona file to roacpanre t ens.ile. speenioeeim or ani annealed low-carbson
t he r(vmtulis of IMe east ic-phleaiic at ren anjilysis for steel at lowu~ tmeiatupruetu. 'rhieir ri'smlts isho'u'ed

the cracked ipecieinea to flunar for tlie shartply t111 l 111t the' ~ieileecime tens1ile' stress 'vihi c th~e
etooeterd mppeimiu:.. ''lim s. filie eamial stress itt lbee spevie'nn ormcirre'd s-t ft# Mlee ehirtc-plastic interlace'
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below thte root of the niotch. Their results also or being able to vary the loading rate when
indicated that brittle, fracture initiated- at the this variable is of importance. In this study, it
elastic-plustic interface when the stress there has been shown that cracking initiated at tile
reached a inaxinxuni critical value, and that notch root surface at grain boundary sites.
this critical stress was independent of temperature That crack initiation was not observed to be
and rate of loading. The location or tlue elastic- associated with the elastic-plastic interface is not
plastic interface was verified by microliardness surprising when on(e considers ,itolybdenum's
studies; however, no metallographic evidence was low resistance to cleavage crack i:itiation and
presented to show that tle fractuIe did indeed the small amuount ol plastic flow t-ha: was observed
initiate at the elastic-plastic interface. nhis in these specimens. For tiu, two sharper notches
premise is supported indirectly, however, by the it is recalled that tie ,naximnuim itiount of strain
work of T'roiano (3-9), who in studying the effect that was observed was about 1..5 pe'rcen-t and in
of hydrogen on the delayed failure behavior of no case was any redurtion in s!,eet thickness
steel and other alloys, found in sustained load observed nor was there any indication Of a shear
tests oni hydrogenerated notched specimens that lip. Another important factor iq fl.,it tfhe biaxial
cracks initiated below the notch root in tile region state of stress in a sheet specime,- wo,ild not be
of highest triaxiality of stresses. In studying expected to be nearly as effecfivý in promoting
fracture initiation in creep-rupture studies of crack initiation as the triaxial state of stress in
notched specimens, Mirkin and Trumin (.$0) also notched e)lindrical specimens which were used
found that the mnaxinumn tensile stress occurred by both Troiano and Mirkin and Trunin.
at the elastic-plastic interface. In their study,
metallographic evidence showed that mierocracks ENERGY OF DEFORMATION DURING
did indeed initiate at the elastic-plastic boundary. FRACTURE

Elastic-plastic stress analysis results have shown
that the nmaximenn, transverse or radial stress Let us now look at another aspect of this coam-
also occurs at the elastic-plastic interface. This plex fracture problem and consider the energy of
result is expcrimentallv verified in. this work by deformation during fracture. I.t was stated earlier
the isoclinic data which was obtained from the that the energyexpended in the total, fracture proc-
photoclastic coating studies. From principles of ass can be broken into two. parts: that which
photo-elasticity, Froclit (41) has shown that occurs in plastic flow prior to crack initiation and
where the zero isoclinic (locus of points along that which occurs during the propagation of the
which the principal stress a, is parallel to the crack. It was concluded previously from the
tensile axis) intersects the axis of symmetry, th, initial yielding studies that for these specimens, all
transverse (c,2) stresses inust have maxinuni or of the detectable yielding occurred prior to crack
iminiinuin values. By comiparing the' zero degree initiation. Let us now treat the matter in a some-
isoclinics for elastic loads and after yielding had what more qu.ontitative manner. The effective
occurred, it was observed that the zero isoclinie surface energies for crack propagation which were
intersected the horizontal axis at the elastic-plastic 'calculated earlier may be misleading for two rea-
interface indicated bh tile first fringe. Thus, sons. First, the precise critical crack size was not
C2 as well as a, reaches a rnaximnum value at the able to be obtained and secondly the effective
elastic-plastic interface and, therefore, a hydro- surface energy expressed as energy per unit area
static state of tension would tend to favor fracture of cracked surffve does not allow us to determine
initiation at this location. It is interesting to the energy expended in plastic flow either prior to
note that the two studies mentioned above that or during crack propagation which occurs in a unit
have shown mnctallographically that mnierocracks volume of the material and not on a unit surface.
initiate below time root of the notch have both Moser (42) in 1924, in a study-of the interpretation
utilized sustained loading techniques. hiat mi- of notched bar impact tests results, demonstrated
vrocracks are easier to detect with this type of that the quantity of energy absorbed by the unit
loading in contrast to monotonic loading is of volume of material undergoing deformation is a
readily apparent. In this respect, it is also felt constant for a given material and is thus a material
that the tandem notch specimens used in this characteristic. The value of the "work-constant"
study should be a valuable tool in locating the of the unit volume was independent of the size of
site of crack initiation with the added advantage the specimen and the shape of the notch and could
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only be changed by changing the nature of the the stress increases as you proceed away from the
material, such as different heat treatments. This notch across the yielded region.
principle niust certainly be general and, therefore, The tensile stress in the plastic range can be
applicable to the tensile case. Hahn (43) has expressed by
pointed out that the effective surface energies de-
termined either from the Griffith-Orowan or the D Eq. (10)
Griffith-Irwin treatments are not a basic material
property but a function of yield strength, delayed
yield effects, work hardening, plastic constraint
and effective surface energy. It has also been plastic mziodulus determlined from the slope of the

• stress-strain curve at a strain vnlue of 0.003 inch
pointed out by Wessel (43), that fracture energy
measurenents should be related. to the volume of per inch. The use of engineering stresses andaffected metal and not the unit area of the frac- engineering strains is a valid assumption as wetured surface, are dealing with small values of plastic strain..In light of the above discu.sion, it is tempting For large plastic strains, true stresses and true

to try to estimate the energy per unit volume in- strains must be used. From Equation (0), is
volved in plastic flow prior to fracture in the calculated to be 48,500 psi. From the elastic-
notched tensile specimens. The energy expended plastic stress analysis of an externally cracked

tensilen specimens The energy expendeda.i
in yielding of the notched specimens can be esti- specimen, Stimpson and Eaton show that u,, in
mated from knowing the volume of deformed the plastic flow region should be about twice the

metal, the mean stress (as,.) acting on the de- applied stress. If this result is applied to the

formed volume and the mean strain (e.) in the sharp notched specimen in this case, a. is dpter-
deformed volume. Thus, the work function or mined to be 67,000 psi. Thus, the value of a,.
the energy per unit volume (H,',) can be estimated calculated to be 48,500 psi seems reasonable.

from It we now put the values of *,,=48,500 psi and
E () .=0.003 inch per inch into Equation (10) and

.Eq. (9) multiply by 2 to account for both notches, we

In Equation (9) an ideally plastic stress-strain calculate W. to be 2.OX)10? ergs/c m ". This work
func.tion can be compared with the area under thecurve is assumed. Calculations of these quantities snmooth tensile stress-strain curve which is the

are made for the sharp notch (KI=8.3) specimen energy absorbed per unit volume in fracturing.
of the 1,8000 C recrystallized material where the This area was measured and the work function
deformation is confined to the immediate vicinity was calculated to be 1.2X)10 ergs/crn'. By
of the notch root. The isochromatic data reveal comparison, the area under the stress-strain curve
that the mean shear strain (y,.) in the yielded for the 2,1000 C annealed material was found to
region is approximately 0.003 inch per inch. It be 1.3XI0? ergs/cm'. Admittedly, these calcula-
has been shown theoretically and recently ex- Lions are quite approximate; however, there is at
perimentally (44) that a plane strain region exists least sufficient agreement to suggest that this is a
beneath the root of a sharp notch; therefore, it can fruitful avenue of approach and warrants more
safely be assumed that E,=7.. An estimate of highly refined experiments, so that a precise
a. is a little more difficult; however, we know that knowledge of the stored energy in the system is
the stress at the root of the notch cannot be less known at the onset of rapid fractgre. Knowledge
than the yield stress of the material (35,900 psi),
and from elastic-plastic stress analysis results we of a true material characteristic such as the work

know that the tensile stress increases across the function which is independent of test conditions
yield region to a maximum value at the elastic- and specimen shape would be invaluable to the

riastic interface. It is worth noting here that this materials engineer.
fact has not been recognized by many investi- ETCH PIT STUDIES
gators who usually assume that the tensile stress
is a constant value equal to the yield stress in the The final portion of this investigation deals with
plastic flow region at the tip of a crack or a notch. dislocation density measurements determined by
This is not the case, however, and the elastic etch pit techniques. It was hoped that the strain
stress gradient is-reversed after yielding occurs and distribution at the roots of the notched specimens
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could be studied bI dislocation density measure-
taents. A comprehensive investigation of etch
pit techniques for revealing dialocations and
subgrains in anolylxienuin has been conducted
by Adanis et al., C45). The etch pit studies were
carried out oil both thie taiud'tn notch specimens
jnd the smooth tensile specimens for the 1,300* C
fill(] 1,800 (C annettled iaitterials. The specimens
were heated in hydrogen tit 950" C for 30 minutes
prior to the electrolytic polishing Iti(d chemical
etching teeliihiquie described in the exl)erinentid
procedure. The calculated dislocation densities
are listed below. All of the etch pit observitio1|s
were made tit a magnification of 1800x.

Dislocation
'j strain densiLty lines!

Material condition C"' (a) 0% strain.
Annealed--I,300 C . 0 5.4X 107
Annealed-1,300° C .._. 13 .
Annealed 1,800* C.. 0 3.1 y 10?
Aunealed-- 1.800* C 3.4 9.4 > 107

The(1 d1t1a listed above was obtained frolit tile
smoothi temisile specinens,. The etc.h pits for the
1,300 C annealed material strained lt1 percent
and for the wrought stress-relieved material
both strained Ind uist.rained were too dense to
caount. Substructure fornaitiou| was observed in
these specimens. The in'rease in dislocation
density with percent strairi is illustrated il
figure 13.

"rhie etch pit investigations at the root of the
sharply notched specimen|s in the section which
did not fail, revealed that, there was no increase
in density over the annealed condition for both
the 1,3000 C and 1,8009 C material conditions.
This result is expected when we recall that the
maximum strain at the root of the sharply notched FictaI' 13. Etch pits in 1,800* C--Auanealed material

specimens was about 0.5 percent and for the with varying amounts of strain, ISOX.

1,800. C condition it was observed that the dis- of polycrystalline molybdenum sheets. From the
location density increased only by a factor of 3 initial yielding studies and also from the fracture
for a strain of 3.4 percent. It appears front this and yield stress data in Figure 5 it i seen that
very limited: etch pit study that a. quantitative fracture is always preceded by yielding and that
n tirement of strain at thes root of a sharp the yielding is quite local for the sharp notch.
notch in recrystallized molybdenum would be dif-, Thus, plastic flow is an essential condition for
ficult to obtain from dislocation density measure- fracture under these conditions. It was also seen,
inents. A more complete investigation should be
onducted, however, so that the precise disloca-notch root

tiondmultiplicated, howerate th prb e de m in - bottom but the region of greatest strain energytion multiplication rate can be determined, and largest amount of plastic flow was located

SUMMARY away from the notch bottom at some acute angle
from the horizontal notch axis.

This is not intended to be a comprehensive It was shown in Figure 8(d) that fracture initi-
summary of all the test results but merely an ated at the notch with the least amount of plastic
attempt to assemble together the results concern- flow. It seems therefore, that yielding or plastic
ing the nature of fracture in the notched specimens strain is an essential- condition for fracture but not
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tile governing factor in initiation in this case. It tnum the general effect of increasing notch severity
was also demonstrated that initial yielding at the is to decrease the fracture strength by inhibiting
notch root occurred at the same nominal stress plastic flow; however, for the larger grain size
level independent of &,, yet the notched samples recrystallized material in which the ability to flow
were considerably niore brit.tie than the smnooth plastically is reduced, the detrimental effects of
samples,. as both the magnitude of strain and increasing notch severity are lessened.
stress at fracture were decreased iln time presence 3. Tandem ,iotch specimens have been shown
of a notch, to be a helpful tool in studying fracture initiation.

li Figure 5 it is clear that the decrease in fraC- 4. Analysis of the smooth tensile properties for
ture strength due to the presence of a notch is the recrystallized material, according to the
greatest for the ' most ductile material condition Griffith-Orowan theory for ,.'rack propagation and
and that this effect diminishies with |nereasingnila- the (ottrell criterion for crack initiation, show
terial brittleness. This evidence seemis to lead to tha.t the effective surface energies for crack propa-
the conclusion that plastic constraint must be the gationi and crack initiation are the same order of
important factor in governing fracture behavior in imaguitude, which is ITo ergs/cmi2. This finding is
these notched specinmens. It has beesk shown that supported by die experimental observation that
for the sharp notch specimens, plastic constraint no ,nicrocracks were found.
call increase the local axial stress beneath the 5. Photoelastic coatings have been shown to be
notch root to a value of about two times the yield a useful tool in studying initial yielding in notched
stress at the notch root surface and that this oc- sheet tensile specimens.
curs at sniall values of strain. That fracture was 6. Plastic flow regions determined, experimen-
not observed to initiate at the elastic-plastic inter- tally from the photoelastic coating studies have
race may well be due to the overriding importance been| shown to be in good agreement, both qual-
of the low cohesive strength of the grain boundary. itatively and quantitatively, with theoretical
Also because of the very low effective surface en- results predicted by elastic-plastic stress analysis.
ergy for fracture the importance of internal stress 7. The initial yielding studies have shown that
concentration factors at grain boundary intersec- the volume of plastically deformed metal de-
tions may well be playing ant important role in creases as tihe stress concentration factor increases,
determining the fracture initiation site in these and that all of the detectable yielding occurs prior
specimens, to crack initiation.

In terms of understanding notch behavior the 8. Initial yielding at the notch root was found
results obtained lead to some logical extensions of to occur at the same nominal stress level for a
this work. To understand further tile importance given material condition, independent of the mag-
of plastic constraint, it would be desirable to dupli-, nitude of the stress concentration factor. This
cate these tests using sheet thickness as a variable nominal stress in the notch section was very
and going to very thin sheets. The role of the nearly equal to the smooth tensile yield stress.
elastic-plastic interface might be clarified by con- 9. Limited dislocation density measurements
ducting similar tests over a range of temperatures. determined by etch-pit techniques reveal that a
It would also be highly desirable to conduct bi- quantitative measurement of strain at the root of
crystal experiments to determine the role of the a sharp notch in recrystallized molybdenum is
grain boundary and the grain boundary precipitate difficult to obtain by pich a technique. It is felt,
in governing fracture initiation behavior, however, that a more complete investigation is

necessary in order that a precise dislocation

CONCLUSIONS multiplication rate can be determined.
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